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We investigate CP-violating interactions involving the Higgs boson and gluons within an ef-
fective field theory approach, focusing on the specific class of new-physics scenarios where the
Yukawa couplings of light quarks are zero or strongly suppressed compared to the standard-model
expectations. We compute the contributions of the most relevant higher-dimensional operators of
Weinberg type to the electric dipole moment of the neutron (nEDM), which are induced by Feyn-
man diagrams that involve an effective CP-violating Higgs-gluon coupling and top-quark loops.
The resulting nEDM sensitivities and prospects are discussed and compared to the existing and
expected LHC bounds. We find that future nEDM searches can set non-trivial constraints on CP-
violating Higgs-gluon interactions even if the Higgs only couples to the third generation of quarks.
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1 Motivation
It is known since more than a decade [1, 2] that measurements of the kinematic properties of the
Higgs boson and the associated jet spectra provide experimental probes of the CP structure of the
couplings between the Higgs and gauge bosons. In the context of the standard model effective field
theory (SMEFT) [3, 4] one CP-violating dimension-six operator, that has been constrained using
LHC data [5–8], is
LφG˜ = −g2s φ†φ G˜aµνGa µν CφG˜ . (1.1)
Here gs denotes the strong coupling constant, φ is the standard model (SM) Higgs doublet, Gaµν is
the QCD field strength tensor and G˜a µν = 1/2 µνρλ Gaρλ with 
0123 = +1 is its dual. Notice finally
that the Wilson coefficient CφG˜ introduced in (1.1) carries mass dimension −2, meaning that it can
be measured in 1/GeV2.
Since searches for electric dipole moments (EDMs) are also known to place stringent con-
straints on any new-physics scenario with additional sources of CP violation (see [9–24] for re-
views and recent discussions) the low-energy constraints on effective operators of the form (1.1)
have also been considered [25–31]. In fact, the recent article [31] performed a comprehensive study
of the relative strengths and complementarity of collider and low-energy measurements in probing
CP-violation in Higgs-gauge boson interactions. Employing a SMEFT description and working
in the context of so-called universal theories [32–34], i.e. theories in which mainly the couplings
between the SM Higgs and gauge bosons are modified by new dynamics, it was found in the latter
work that in a single-operator analysis the existing EDM limits leave very little room for observing
CP violation in the Higgs sector at the LHC. Including all relevant dimension-six CP-violating op-
erators, it was furthermore established that the EDM searches enforce strong correlations among
Higgs-gauge boson couplings, which barring intricate cancellations lead again to stringent bounds
on the individual Wilson coefficients. Similar conclusions where drawn in [30] where only the
limits arising from the electron EDM (eEDM) have been studied.
In this article we would like to point out a simple way of how-to relax the constraints obtained
in [30, 31]. In contrast to the latter articles, we will not assume that the new-physics modifications
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are confined to the Higgs-gauge boson sector, but also allow for effects in the Yukawa sector.
Specifically, we will consider the following dimension-six SMEFT terms
Lφq = −Yd φ†φ Q¯LφdR Cφd − Yu φ†φ Q¯L φ˜uR Cφu + h.c. , (1.2)
where we have employed the shorthand notation φ˜i = i j
(
φ j
)∗ with i j totally anti-symmetric and
12 = +1. The Yukawa couplings Yd and Yu are matrices in flavour space and a sum over flavours
indices is implicit in (1.2). Finally, QL denote left-handed quark doublets, while dR and uR are
right-handed fermion singlets of down-quark and up-quark type, respectively.
After electroweak symmetry breaking (EWSB) the dimension-six operators in (1.2) modify
the couplings of the Higgs boson to quarks. Assuming that new-physics is minimally flavour
violating [35] and that the Wilson coefficients Cφu and Cφd are real,1 each SM quark Yukawa
coupling gets rescaled by an independent factor
κq ' 1 + v2 Cφq , (1.3)
where q = t, b, c, s, d, u and v ' 246 GeV denotes the electroweak (EW) vacuum expectation value.
The coupling modifiers κq or equivalently the Wilson coefficients Cφq can be constrained by LHC
Higgs physics. In the case of the top and bottom quark, our knowledge of Yukawa interactions has
undergone a revolution in the last year, since the ATLAS and CMS collaborations have indepen-
dently observed pp → tt¯h production [36, 37] and the h → bb¯ decay [38, 39]. Combining direct
and indirect information on the Higgs properties into a global fit ATLAS [40] finds the following
68% confidence level (CL) limits2
κt = 1.02+0.11−0.10 , κb = 1.06
+0.19
−0.18 . (1.4)
The quoted results are in full agreement with the bounds obtained by CMS [41], and yield clear
and model-independent evidence for the existence of non-zero top-quark and bottom-quark Yukawa
couplings in nature. Despite significant experimental and theoretical effort [42–62] only very weak
(no relevant) bounds exist at present in the case of the second-generation (first-generation) quarks.
Whether the Higgs mechanism is responsible for the generation of the masses of the charm, strange,
down and up quark is thus an open question, and new-physics scenarios (see e.g. [63]) that predict
a significant reduction of the couplings of the observed Higgs boson to the first two generation of
quarks, i.e. κc,s,d,u ' 0, are from the phenomenological point of view a viable option.
A question that one therefore may want to ask is how sensitively the LHC limits [5–8] and
the EDM constraints [30, 31] depend on the assumption that the observed Higgs boson has cou-
plings to the light fermions. In the case of the operator (1.1) this question can be answered im-
mediately by looking at the Feynman diagrams depicted in Figure 1. The two tree-level diagrams
on the left-hand side give a correction to Higgs plus two jet production pp → h + 2 j, while the
one-loop graph shown on the right induces chromoelectric dipole moments (CEDMs) for light
quarks, which in turn generate non-zero contributions to the neutron EDM (nEDM) and all other
1CP-violating diagonal [13, 23] and flavour-changing Higgs-fermion [15] couplings involving the third generation
would be subject to stringent EDM constraints.
2In the considered benchmark model no new-physics contributions to Higgs-boson decays are assumed to exist and
Higgs-boson vertices involving loops are resolved in terms of their SM content.
– 2 –
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<latexit sha1_base64="I1Phjce56vokL6HsCzbzu7mDVqk=">AAAB6 HicbZC7SwNBEMbnfMb4iqa0WQwBq3BnY8qAjWUC5gHJEfY2c8mavb1zd08IRzo7GwtFbP2T7Oz8U9w8Ck38YOHHNzPszBckgmvjul/OxubW9s5ubi+ /f3B4dFw4OW3pOFUMmywWseoEVKPgEpuGG4GdRCGNAoHtYHw9q7cfUGkey1szSdCP6FDykDNqrNW47xdKbsWdi6yDt4RSrVh+/AaAer/w2RvELI1QG iao1l3PTYyfUWU4EzjN91KNCWVjOsSuRUkj1H42X3RKytYZkDBW9klD5u7viYxGWk+iwHZG1Iz0am1m/lfrpias+hmXSWpQssVHYSqIicnsajLgCpk REwuUKW53JWxEFWXGZpO3IXirJ69D67LiWW7YNKqwUA7O4BwuwIMrqMEN1KEJDBCe4AVenTvn2Xlz3hetG85ypgh/5Hz8AFkxjsM=</latexit><latexit sha1_base64="LDG8Vtv3ZbXgSl/hqs8x8/yk1L0=">AAAB6 HicbZC7SgNBFIbPxluMt2hKm8EQsAq7NqYM2FgmYC6QLGF2cjYZM3txZlYISzo7GwtFbH0YH8BOH8An8AGcXApN/GHg4z/nMOf8Xiy40rb9YWXW1jc 2t7LbuZ3dvf2D/OFRU0WJZNhgkYhk26MKBQ+xobkW2I4l0sAT2PJGF9N66xal4lF4pccxugEdhNznjGpj1W96+aJdtmciq+AsoFgtlO6+374+a738e 7cfsSTAUDNBleo4dqzdlErNmcBJrpsojCkb0QF2DIY0QOWms0UnpGScPvEjaV6oycz9PZHSQKlx4JnOgOqhWq5Nzf9qnUT7FTflYZxoDNn8Iz8RREd kejXpc4lMi7EByiQ3uxI2pJIybbLJmRCc5ZNXoXlWdgzXTRoVmCsLx3ACp+DAOVThEmrQAAYI9/AIT9a19WA9Wy/z1oy1mCnAH1mvP9MukV0=</lat exit><latexit sha1_base64="LDG8Vtv3ZbXgSl/hqs8x8/yk1L0=">AAAB6 HicbZC7SgNBFIbPxluMt2hKm8EQsAq7NqYM2FgmYC6QLGF2cjYZM3txZlYISzo7GwtFbH0YH8BOH8An8AGcXApN/GHg4z/nMOf8Xiy40rb9YWXW1jc 2t7LbuZ3dvf2D/OFRU0WJZNhgkYhk26MKBQ+xobkW2I4l0sAT2PJGF9N66xal4lF4pccxugEdhNznjGpj1W96+aJdtmciq+AsoFgtlO6+374+a738e 7cfsSTAUDNBleo4dqzdlErNmcBJrpsojCkb0QF2DIY0QOWms0UnpGScPvEjaV6oycz9PZHSQKlx4JnOgOqhWq5Nzf9qnUT7FTflYZxoDNn8Iz8RREd kejXpc4lMi7EByiQ3uxI2pJIybbLJmRCc5ZNXoXlWdgzXTRoVmCsLx3ACp+DAOVThEmrQAAYI9/AIT9a19WA9Wy/z1oy1mCnAH1mvP9MukV0=</lat exit><latexit sha1_base64="G7WQgX+l3qqtA/MpVS2wsYKwIfE=">AAAB6 HicbZA9TwJBEIbn8AvxA9TSZiMxsSJ3NlKS2FhCIh8JXMjeMgcre3vn7p4JufALbCw0xtafZOe/cYErFHyTTZ68M5OdeYNEcG1c99spbG3v7O4V90s Hh0fH5crJaUfHqWLYZrGIVS+gGgWX2DbcCOwlCmkUCOwG09tFvfuESvNY3ptZgn5Ex5KHnFFjrdbjsFJ1a+5SZBO8HKqQqzmsfA1GMUsjlIYJqnXfc xPjZ1QZzgTOS4NUY0LZlI6xb1HSCLWfLRedk0vrjEgYK/ukIUv390RGI61nUWA7I2omer22MP+r9VMT1v2MyyQ1KNnqozAVxMRkcTUZcYXMiJkFyhS 3uxI2oYoyY7Mp2RC89ZM3oXNd8yy33GqjnsdRhHO4gCvw4AYacAdNaAMDhGd4hTfnwXlx3p2PVWvByWfO4I+czx/XXYzn</latexit>
q
<latexit sha1_base64="I1Phjce56vokL6HsCzbzu7mDVqk=">AAAB6 HicbZC7SwNBEMbnfMb4iqa0WQwBq3BnY8qAjWUC5gHJEfY2c8mavb1zd08IRzo7GwtFbP2T7Oz8U9w8Ck38YOHHNzPszBckgmvjul/OxubW9s5ubi+ /f3B4dFw4OW3pOFUMmywWseoEVKPgEpuGG4GdRCGNAoHtYHw9q7cfUGkey1szSdCP6FDykDNqrNW47xdKbsWdi6yDt4RSrVh+/AaAer/w2RvELI1QG iao1l3PTYyfUWU4EzjN91KNCWVjOsSuRUkj1H42X3RKytYZkDBW9klD5u7viYxGWk+iwHZG1Iz0am1m/lfrpias+hmXSWpQssVHYSqIicnsajLgCpk REwuUKW53JWxEFWXGZpO3IXirJ69D67LiWW7YNKqwUA7O4BwuwIMrqMEN1KEJDBCe4AVenTvn2Xlz3hetG85ypgh/5Hz8AFkxjsM=</latexit><latexit sha1_base64="LDG8Vtv3ZbXgSl/hqs8x8/yk1L0=">AAAB6 HicbZC7SgNBFIbPxluMt2hKm8EQsAq7NqYM2FgmYC6QLGF2cjYZM3txZlYISzo7GwtFbH0YH8BOH8An8AGcXApN/GHg4z/nMOf8Xiy40rb9YWXW1jc 2t7LbuZ3dvf2D/OFRU0WJZNhgkYhk26MKBQ+xobkW2I4l0sAT2PJGF9N66xal4lF4pccxugEdhNznjGpj1W96+aJdtmciq+AsoFgtlO6+374+a738e 7cfsSTAUDNBleo4dqzdlErNmcBJrpsojCkb0QF2DIY0QOWms0UnpGScPvEjaV6oycz9PZHSQKlx4JnOgOqhWq5Nzf9qnUT7FTflYZxoDNn8Iz8RREd kejXpc4lMi7EByiQ3uxI2pJIybbLJmRCc5ZNXoXlWdgzXTRoVmCsLx3ACp+DAOVThEmrQAAYI9/AIT9a19WA9Wy/z1oy1mCnAH1mvP9MukV0=</lat exit><latexit sha1_base64="LDG8Vtv3ZbXgSl/hqs8x8/yk1L0=">AAAB6 HicbZC7SgNBFIbPxluMt2hKm8EQsAq7NqYM2FgmYC6QLGF2cjYZM3txZlYISzo7GwtFbH0YH8BOH8An8AGcXApN/GHg4z/nMOf8Xiy40rb9YWXW1jc 2t7LbuZ3dvf2D/OFRU0WJZNhgkYhk26MKBQ+xobkW2I4l0sAT2PJGF9N66xal4lF4pccxugEdhNznjGpj1W96+aJdtmciq+AsoFgtlO6+374+a738e 7cfsSTAUDNBleo4dqzdlErNmcBJrpsojCkb0QF2DIY0QOWms0UnpGScPvEjaV6oycz9PZHSQKlx4JnOgOqhWq5Nzf9qnUT7FTflYZxoDNn8Iz8RREd kejXpc4lMi7EByiQ3uxI2pJIybbLJmRCc5ZNXoXlWdgzXTRoVmCsLx3ACp+DAOVThEmrQAAYI9/AIT9a19WA9Wy/z1oy1mCnAH1mvP9MukV0=</lat exit><latexit sha1_base64="G7WQgX+l3qqtA/MpVS2wsYKwIfE=">AAAB6 HicbZA9TwJBEIbn8AvxA9TSZiMxsSJ3NlKS2FhCIh8JXMjeMgcre3vn7p4JufALbCw0xtafZOe/cYErFHyTTZ68M5OdeYNEcG1c99spbG3v7O4V90s Hh0fH5crJaUfHqWLYZrGIVS+gGgWX2DbcCOwlCmkUCOwG09tFvfuESvNY3ptZgn5Ex5KHnFFjrdbjsFJ1a+5SZBO8HKqQqzmsfA1GMUsjlIYJqnXfc xPjZ1QZzgTOS4NUY0LZlI6xb1HSCLWfLRedk0vrjEgYK/ukIUv390RGI61nUWA7I2omer22MP+r9VMT1v2MyyQ1KNnqozAVxMRkcTUZcYXMiJkFyhS 3uxI2oYoyY7Mp2RC89ZM3oXNd8yy33GqjnsdRhHO4gCvw4AYacAdNaAMDhGd4hTfnwXlx3p2PVWvByWfO4I+czx/XXYzn</latexit>t
g
t
g
H
G
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h
<latexit sha1_base64="OEnV/KOUXA5QOMMT6VCcBFI8eYo=">AAAB6HicbZC7SwNBEMbn4ivGV9TSZjEIVuHORhsxa GOZgHlAcoS9zVyyZm/v2N0TwhGwt7FQxNZ/xt7O/8bNo9DEDxZ+fN8MOzNBIrg2rvvt5FZW19Y38puFre2d3b3i/kFDx6liWGexiFUroBoFl1g33AhsJQppFAhsBsObSd58QKV5LO/MKEE/on3JQ86osVZt0C2W3LI7FVkGbw6lq8/C5SMAVLvFr0 4vZmmE0jBBtW57bmL8jCrDmcBxoZNqTCgb0j62LUoaofaz6aBjcmKdHgljZZ80ZOr+7shopPUoCmxlRM1AL2YT87+snZrwws+4TFKDks0+ClNBTEwmW5MeV8iMGFmgTHE7K2EDqigz9jYFewRvceVlaJyVPcs1t1S5hpnycATHcAoenEMFbqEKdW CA8AQv8OrcO8/Om/M+K805855D+CPn4wc8Ao61</latexit><latexit sha1_base64="H56/RTwPpg0ymDze1vOX2wxPSmI=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40Yt LFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxV6XfyBa/oTUQWwZ9B4fLDvUjev9xyJ/ /Z6sYsjVAaJqjWTd9LTDujynAmcOS2Uo0JZQPaw6ZFSSPU7Wwy6IgcW6dLwljZJw2ZuL87MhppPYwCWxlR09fz2dj8L2umJjxvZ1wmqUHJph+FqSAmJuOtSZcrZEYMLVCmuJ2VsD5VlBl7G9cewZ9feRFqp0XfcsUrlK5gqhwcwhGcgA9nUIIbKE MVGCA8wBM8O3fOo/PivE5Ll5xZzwH8kfP2Ay2RkCk=</latexit><latexit sha1_base64="H56/RTwPpg0ymDze1vOX2wxPSmI=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40Yt LFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxV6XfyBa/oTUQWwZ9B4fLDvUjev9xyJ/ /Z6sYsjVAaJqjWTd9LTDujynAmcOS2Uo0JZQPaw6ZFSSPU7Wwy6IgcW6dLwljZJw2ZuL87MhppPYwCWxlR09fz2dj8L2umJjxvZ1wmqUHJph+FqSAmJuOtSZcrZEYMLVCmuJ2VsD5VlBl7G9cewZ9feRFqp0XfcsUrlK5gqhwcwhGcgA9nUIIbKE MVGCA8wBM8O3fOo/PivE5Ll5xZzwH8kfP2Ay2RkCk=</latexit><latexit sha1_base64="3P7akWg4H1bIb+3dAs/NcEduJPk=">AAAB6HicbZBNT8JAEIan+IX4hXr0spGYeCKtFz0Sv XiExAIJNGS7TGFlu212tyak4Rd48aAxXv1J3vw3LtCDgm+yyZN3ZrIzb5gKro3rfjuljc2t7Z3ybmVv/+DwqHp80tZJphj6LBGJ6oZUo+ASfcONwG6qkMahwE44uZvXO0+oNE/kg5mmGMR0JHnEGTXWao0H1Zpbdxci6+AVUINCzUH1qz9MWBajNE xQrXuem5ogp8pwJnBW6WcaU8omdIQ9i5LGqIN8seiMXFhnSKJE2ScNWbi/J3Iaaz2NQ9sZUzPWq7W5+V+tl5noJsi5TDODki0/ijJBTELmV5MhV8iMmFqgTHG7K2FjqigzNpuKDcFbPXkd2ld1z3LLrTVuizjKcAbncAkeXEMD7qEJPjBAeIZXeH MenRfn3flYtpacYuYU/sj5/AHMu4zo</latexit>
q
<latexit sha1_base64="I1Phjce56vokL6HsCzbzu7mDVqk=">AAAB6 HicbZC7SwNBEMbnfMb4iqa0WQwBq3BnY8qAjWUC5gHJEfY2c8mavb1zd08IRzo7GwtFbP2T7Oz8U9w8Ck38YOHHNzPszBckgmvjul/OxubW9s5ubi+ /f3B4dFw4OW3pOFUMmywWseoEVKPgEpuGG4GdRCGNAoHtYHw9q7cfUGkey1szSdCP6FDykDNqrNW47xdKbsWdi6yDt4RSrVh+/AaAer/w2RvELI1QG iao1l3PTYyfUWU4EzjN91KNCWVjOsSuRUkj1H42X3RKytYZkDBW9klD5u7viYxGWk+iwHZG1Iz0am1m/lfrpias+hmXSWpQssVHYSqIicnsajLgCpk REwuUKW53JWxEFWXGZpO3IXirJ69D67LiWW7YNKqwUA7O4BwuwIMrqMEN1KEJDBCe4AVenTvn2Xlz3hetG85ypgh/5Hz8AFkxjsM=</latexit><latexit sha1_base64="LDG8Vtv3ZbXgSl/hqs8x8/yk1L0=">AAAB6 HicbZC7SgNBFIbPxluMt2hKm8EQsAq7NqYM2FgmYC6QLGF2cjYZM3txZlYISzo7GwtFbH0YH8BOH8An8AGcXApN/GHg4z/nMOf8Xiy40rb9YWXW1jc 2t7LbuZ3dvf2D/OFRU0WJZNhgkYhk26MKBQ+xobkW2I4l0sAT2PJGF9N66xal4lF4pccxugEdhNznjGpj1W96+aJdtmciq+AsoFgtlO6+374+a738e 7cfsSTAUDNBleo4dqzdlErNmcBJrpsojCkb0QF2DIY0QOWms0UnpGScPvEjaV6oycz9PZHSQKlx4JnOgOqhWq5Nzf9qnUT7FTflYZxoDNn8Iz8RREd kejXpc4lMi7EByiQ3uxI2pJIybbLJmRCc5ZNXoXlWdgzXTRoVmCsLx3ACp+DAOVThEmrQAAYI9/AIT9a19WA9Wy/z1oy1mCnAH1mvP9MukV0=</lat exit><latexit sha1_base64="LDG8Vtv3ZbXgSl/hqs8x8/yk1L0=">AAAB6 HicbZC7SgNBFIbPxluMt2hKm8EQsAq7NqYM2FgmYC6QLGF2cjYZM3txZlYISzo7GwtFbH0YH8BOH8An8AGcXApN/GHg4z/nMOf8Xiy40rb9YWXW1jc 2t7LbuZ3dvf2D/OFRU0WJZNhgkYhk26MKBQ+xobkW2I4l0sAT2PJGF9N66xal4lF4pccxugEdhNznjGpj1W96+aJdtmciq+AsoFgtlO6+374+a738e 7cfsSTAUDNBleo4dqzdlErNmcBJrpsojCkb0QF2DIY0QOWms0UnpGScPvEjaV6oycz9PZHSQKlx4JnOgOqhWq5Nzf9qnUT7FTflYZxoDNn8Iz8RREd kejXpc4lMi7EByiQ3uxI2pJIybbLJmRCc5ZNXoXlWdgzXTRoVmCsLx3ACp+DAOVThEmrQAAYI9/AIT9a19WA9Wy/z1oy1mCnAH1mvP9MukV0=</lat exit><latexit sha1_base64="G7WQgX+l3qqtA/MpVS2wsYKwIfE=">AAAB6 HicbZA9TwJBEIbn8AvxA9TSZiMxsSJ3NlKS2FhCIh8JXMjeMgcre3vn7p4JufALbCw0xtafZOe/cYErFHyTTZ68M5OdeYNEcG1c99spbG3v7O4V90s Hh0fH5crJaUfHqWLYZrGIVS+gGgWX2DbcCOwlCmkUCOwG09tFvfuESvNY3ptZgn5Ex5KHnFFjrdbjsFJ1a+5SZBO8HKqQqzmsfA1GMUsjlIYJqnXfc xPjZ1QZzgTOS4NUY0LZlI6xb1HSCLWfLRedk0vrjEgYK/ukIUv390RGI61nUWA7I2omer22MP+r9VMT1v2MyyQ1KNnqozAVxMRkcTUZcYXMiJkFyhS 3uxI2oYoyY7Mp2RC89ZM3oXNd8yy33GqjnsdRhHO4gCvw4AYacAdNaAMDhGd4hTfnwXlx3p2PVWvByWfO4I+czx/XXYzn</latexit>q
<latexit sha1_base64="I1Phjce56vokL6HsCzbzu7mDVqk=">AAAB6 HicbZC7SwNBEMbnfMb4iqa0WQwBq3BnY8qAjWUC5gHJEfY2c8mavb1zd08IRzo7GwtFbP2T7Oz8U9w8Ck38YOHHNzPszBckgmvjul/OxubW9s5ubi+ /f3B4dFw4OW3pOFUMmywWseoEVKPgEpuGG4GdRCGNAoHtYHw9q7cfUGkey1szSdCP6FDykDNqrNW47xdKbsWdi6yDt4RSrVh+/AaAer/w2RvELI1QG iao1l3PTYyfUWU4EzjN91KNCWVjOsSuRUkj1H42X3RKytYZkDBW9klD5u7viYxGWk+iwHZG1Iz0am1m/lfrpias+hmXSWpQssVHYSqIicnsajLgCpk REwuUKW53JWxEFWXGZpO3IXirJ69D67LiWW7YNKqwUA7O4BwuwIMrqMEN1KEJDBCe4AVenTvn2Xlz3hetG85ypgh/5Hz8AFkxjsM=</latexit><latexit sha1_base64="LDG8Vtv3ZbXgSl/hqs8x8/yk1L0=">AAAB6 HicbZC7SgNBFIbPxluMt2hKm8EQsAq7NqYM2FgmYC6QLGF2cjYZM3txZlYISzo7GwtFbH0YH8BOH8An8AGcXApN/GHg4z/nMOf8Xiy40rb9YWXW1jc 2t7LbuZ3dvf2D/OFRU0WJZNhgkYhk26MKBQ+xobkW2I4l0sAT2PJGF9N66xal4lF4pccxugEdhNznjGpj1W96+aJdtmciq+AsoFgtlO6+374+a738e 7cfsSTAUDNBleo4dqzdlErNmcBJrpsojCkb0QF2DIY0QOWms0UnpGScPvEjaV6oycz9PZHSQKlx4JnOgOqhWq5Nzf9qnUT7FTflYZxoDNn8Iz8RREd kejXpc4lMi7EByiQ3uxI2pJIybbLJmRCc5ZNXoXlWdgzXTRoVmCsLx3ACp+DAOVThEmrQAAYI9/AIT9a19WA9Wy/z1oy1mCnAH1mvP9MukV0=</lat exit><latexit sha1_base64="LDG8Vtv3ZbXgSl/hqs8x8/yk1L0=">AAAB6 HicbZC7SgNBFIbPxluMt2hKm8EQsAq7NqYM2FgmYC6QLGF2cjYZM3txZlYISzo7GwtFbH0YH8BOH8An8AGcXApN/GHg4z/nMOf8Xiy40rb9YWXW1jc 2t7LbuZ3dvf2D/OFRU0WJZNhgkYhk26MKBQ+xobkW2I4l0sAT2PJGF9N66xal4lF4pccxugEdhNznjGpj1W96+aJdtmciq+AsoFgtlO6+374+a738e 7cfsSTAUDNBleo4dqzdlErNmcBJrpsojCkb0QF2DIY0QOWms0UnpGScPvEjaV6oycz9PZHSQKlx4JnOgOqhWq5Nzf9qnUT7FTflYZxoDNn8Iz8RREd kejXpc4lMi7EByiQ3uxI2pJIybbLJmRCc5ZNXoXlWdgzXTRoVmCsLx3ACp+DAOVThEmrQAAYI9/AIT9a19WA9Wy/z1oy1mCnAH1mvP9MukV0=</lat exit><latexit sha1_base64="G7WQgX+l3qqtA/MpVS2wsYKwIfE=">AAAB6 HicbZA9TwJBEIbn8AvxA9TSZiMxsSJ3NlKS2FhCIh8JXMjeMgcre3vn7p4JufALbCw0xtafZOe/cYErFHyTTZ68M5OdeYNEcG1c99spbG3v7O4V90s Hh0fH5crJaUfHqWLYZrGIVS+gGgWX2DbcCOwlCmkUCOwG09tFvfuESvNY3ptZgn5Ex5KHnFFjrdbjsFJ1a+5SZBO8HKqQqzmsfA1GMUsjlIYJqnXfc xPjZ1QZzgTOS4NUY0LZlI6xb1HSCLWfLRedk0vrjEgYK/ukIUv390RGI61nUWA7I2omer22MP+r9VMT1v2MyyQ1KNnqozAVxMRkcTUZcYXMiJkFyhS 3uxI2oYoyY7Mp2RC89ZM3oXNd8yy33GqjnsdRhHO4gCvw4AYacAdNaAMDhGd4hTfnwXlx3p2PVWvByWfO4I+czx/XXYzn</latexit>
g
<latexit sha1_base64="gx8tA567acsW4Z3BCy3KHdi91CA=">AAAB6HicbZC7SgNBFIbPxluMt6ilFoNBsAq7N rEM2lgmYC6QLGF2cjYZMzu7zMwKYckT2FgoYutT+Bx2dj6Kk0uhiT8MfPznHOacP0gE18Z1v5zc2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDOttx5QaR7LOzNO0I/oQPKQM2qsVR/0iiW37M5EVsFbQKl 6+lH/BoBar/jZ7ccsjVAaJqjWHc9NjJ9RZTgTOCl0U40JZSM6wI5FSSPUfjZbdELOrdMnYazsk4bM3N8TGY20HkeB7YyoGerl2tT8r9ZJTXjlZ1wmqUHJ5h+FqSAmJtOrSZ8rZEaMLVCmuN2VsCFVlBmbTcGG4C2fvArNy7JnuW7TuIa58 nACZ3ABHlSgCrdQgwYwQHiEZ3hx7p0n59V5m7fmnMXMMfyR8/4D2zGPLA==</latexit><latexit sha1_base64="RG/ybrEqARFi0dM5nWieAIPce0Q=">AAAB6HicbZC7SgNBFIbPxluMt6ilIoNBsAq7N loGbSwTMBdIljA7OUnGzM4uM7NCWFJa2VgoYutT5DnsfAZfwsml0MQfBj7+cw5zzh/Egmvjul9OZmV1bX0ju5nb2t7Z3cvvH9R0lCiGVRaJSDUCqlFwiVXDjcBGrJCGgcB6MLiZ1OsPqDSP5J0ZxuiHtCd5lzNqrFXptfMFt+hORZbBm0O hdDyufD+ejMvt/GerE7EkRGmYoFo3PTc2fkqV4UzgKNdKNMaUDWgPmxYlDVH76XTRETmzTod0I2WfNGTq/p5Iaaj1MAxsZ0hNXy/WJuZ/tWZiuld+ymWcGJRs9lE3EcREZHI16XCFzIihBcoUt7sS1qeKMmOzydkQvMWTl6F2UfQsV2wa1 zBTFo7gFM7Bg0sowS2UoQoMEJ7gBV6de+fZeXPeZ60ZZz5zCH/kfPwAuXaQkg==</latexit><latexit sha1_base64="RG/ybrEqARFi0dM5nWieAIPce0Q=">AAAB6HicbZC7SgNBFIbPxluMt6ilIoNBsAq7N loGbSwTMBdIljA7OUnGzM4uM7NCWFJa2VgoYutT5DnsfAZfwsml0MQfBj7+cw5zzh/Egmvjul9OZmV1bX0ju5nb2t7Z3cvvH9R0lCiGVRaJSDUCqlFwiVXDjcBGrJCGgcB6MLiZ1OsPqDSP5J0ZxuiHtCd5lzNqrFXptfMFt+hORZbBm0O hdDyufD+ejMvt/GerE7EkRGmYoFo3PTc2fkqV4UzgKNdKNMaUDWgPmxYlDVH76XTRETmzTod0I2WfNGTq/p5Iaaj1MAxsZ0hNXy/WJuZ/tWZiuld+ymWcGJRs9lE3EcREZHI16XCFzIihBcoUt7sS1qeKMmOzydkQvMWTl6F2UfQsV2wa1 zBTFo7gFM7Bg0sowS2UoQoMEJ7gBV6de+fZeXPeZ60ZZz5zCH/kfPwAuXaQkg==</latexit><latexit sha1_base64="W4gNAZC6swAe6VgCSPeaMQovT8w=">AAAB6HicbZBNT8JAEIan+IX4hXr0spGYeCKtF z0SvXiExAIJNGS7TGFlu212tyak4Rd48aAxXv1J3vw3LtCDgm+yyZN3ZrIzb5gKro3rfjuljc2t7Z3ybmVv/+DwqHp80tZJphj6LBGJ6oZUo+ASfcONwG6qkMahwE44uZvXO0+oNE/kg5mmGMR0JHnEGTXWao0G1Zpbdxci6+AVUINCzUH 1qz9MWBajNExQrXuem5ogp8pwJnBW6WcaU8omdIQ9i5LGqIN8seiMXFhnSKJE2ScNWbi/J3Iaaz2NQ9sZUzPWq7W5+V+tl5noJsi5TDODki0/ijJBTELmV5MhV8iMmFqgTHG7K2FjqigzNpuKDcFbPXkd2ld1z3LLrTVuizjKcAbncAkeX EMD7qEJPjBAeIZXeHMenRfn3flYtpacYuYU/sj5/AHLN4zn</latexit>
g
<latexit sha1_base64="gx8tA567acsW4Z3BCy3KHdi 91CA=">AAAB6HicbZC7SgNBFIbPxluMt6ilFoNBsAq7NrEM2lgmYC6QLGF2cjYZMzu7zMwKYckT2FgoYutT+Bx2dj 6Kk0uhiT8MfPznHOacP0gE18Z1v5zc2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDO ttx5QaR7LOzNO0I/oQPKQM2qsVR/0iiW37M5EVsFbQKl6+lH/BoBar/jZ7ccsjVAaJqjWHc9NjJ9RZTgTOCl0U40 JZSM6wI5FSSPUfjZbdELOrdMnYazsk4bM3N8TGY20HkeB7YyoGerl2tT8r9ZJTXjlZ1wmqUHJ5h+FqSAmJtOrSZ8r ZEaMLVCmuN2VsCFVlBmbTcGG4C2fvArNy7JnuW7TuIa58nACZ3ABHlSgCrdQgwYwQHiEZ3hx7p0n59V5m7fmnMXMM fyR8/4D2zGPLA==</latexit><latexit sha1_base64="RG/ybrEqARFi0dM5nWieAIP ce0Q=">AAAB6HicbZC7SgNBFIbPxluMt6ilIoNBsAq7NloGbSwTMBdIljA7OUnGzM4uM7NCWFJa2VgoYutT5DnsfA Zfwsml0MQfBj7+cw5zzh/Egmvjul9OZmV1bX0ju5nb2t7Z3cvvH9R0lCiGVRaJSDUCqlFwiVXDjcBGrJCGgcB6MLi Z1OsPqDSP5J0ZxuiHtCd5lzNqrFXptfMFt+hORZbBm0OhdDyufD+ejMvt/GerE7EkRGmYoFo3PTc2fkqV4UzgKNd KNMaUDWgPmxYlDVH76XTRETmzTod0I2WfNGTq/p5Iaaj1MAxsZ0hNXy/WJuZ/tWZiuld+ymWcGJRs9lE3EcREZHI1 6XCFzIihBcoUt7sS1qeKMmOzydkQvMWTl6F2UfQsV2wa1zBTFo7gFM7Bg0sowS2UoQoMEJ7gBV6de+fZeXPeZ60ZZ z5zCH/kfPwAuXaQkg==</latexit><latexit sha1_base64="RG/ybrEqARFi0dM5nWieAIP ce0Q=">AAAB6HicbZC7SgNBFIbPxluMt6ilIoNBsAq7NloGbSwTMBdIljA7OUnGzM4uM7NCWFJa2VgoYutT5DnsfA Zfwsml0MQfBj7+cw5zzh/Egmvjul9OZmV1bX0ju5nb2t7Z3cvvH9R0lCiGVRaJSDUCqlFwiVXDjcBGrJCGgcB6MLi Z1OsPqDSP5J0ZxuiHtCd5lzNqrFXptfMFt+hORZbBm0OhdDyufD+ejMvt/GerE7EkRGmYoFo3PTc2fkqV4UzgKNd KNMaUDWgPmxYlDVH76XTRETmzTod0I2WfNGTq/p5Iaaj1MAxsZ0hNXy/WJuZ/tWZiuld+ymWcGJRs9lE3EcREZHI1 6XCFzIihBcoUt7sS1qeKMmOzydkQvMWTl6F2UfQsV2wa1zBTFo7gFM7Bg0sowS2UoQoMEJ7gBV6de+fZeXPeZ60ZZ z5zCH/kfPwAuXaQkg==</latexit><latexit sha1_base64="W4gNAZC6swAe6VgCSPeaMQo vT8w=">AAAB6HicbZBNT8JAEIan+IX4hXr0spGYeCKtFz0SvXiExAIJNGS7TGFlu212tyak4Rd48aAxXv1J3vw3Lt CDgm+yyZN3ZrIzb5gKro3rfjuljc2t7Z3ybmVv/+DwqHp80tZJphj6LBGJ6oZUo+ASfcONwG6qkMahwE44uZvXO0+ oNE/kg5mmGMR0JHnEGTXWao0G1Zpbdxci6+AVUINCzUH1qz9MWBajNExQrXuem5ogp8pwJnBW6WcaU8omdIQ9i5L GqIN8seiMXFhnSKJE2ScNWbi/J3Iaaz2NQ9sZUzPWq7W5+V+tl5noJsi5TDODki0/ijJBTELmV5MhV8iMmFqgTHG7 K2FjqigzNpuKDcFbPXkd2ld1z3LLrTVuizjKcAbncAkeXEMD7qEJPjBAeIZXeHMenRfn3flYtpacYuYU/sj5/AHLN 4zn</latexit>
g
<latexit sha1_base64="gx8tA567acsW4Z3BCy3KHdi91CA=">AAAB6HicbZC7SgNBFIbPxluMt6ilFoNBsAq7N rEM2lgmYC6QLGF2cjYZMzu7zMwKYckT2FgoYutT+Bx2dj6Kk0uhiT8MfPznHOacP0gE18Z1v5zc2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDOttx5QaR7LOzNO0I/oQPKQM2qsVR/0iiW37M5EVsFbQKl 6+lH/BoBar/jZ7ccsjVAaJqjWHc9NjJ9RZTgTOCl0U40JZSM6wI5FSSPUfjZbdELOrdMnYazsk4bM3N8TGY20HkeB7YyoGerl2tT8r9ZJTXjlZ1wmqUHJ5h+FqSAmJtOrSZ8rZEaMLVCmuN2VsCFVlBmbTcGG4C2fvArNy7JnuW7TuIa58 nACZ3ABHlSgCrdQgwYwQHiEZ3hx7p0n59V5m7fmnMXMMfyR8/4D2zGPLA==</latexit><latexit sha1_base64="RG/ybrEqARFi0dM5nWieAIPce0Q=">AAAB6HicbZC7SgNBFIbPxluMt6ilIoNBsAq7N loGbSwTMBdIljA7OUnGzM4uM7NCWFJa2VgoYutT5DnsfAZfwsml0MQfBj7+cw5zzh/Egmvjul9OZmV1bX0ju5nb2t7Z3cvvH9R0lCiGVRaJSDUCqlFwiVXDjcBGrJCGgcB6MLiZ1OsPqDSP5J0ZxuiHtCd5lzNqrFXptfMFt+hORZbBm0O hdDyufD+ejMvt/GerE7EkRGmYoFo3PTc2fkqV4UzgKNdKNMaUDWgPmxYlDVH76XTRETmzTod0I2WfNGTq/p5Iaaj1MAxsZ0hNXy/WJuZ/tWZiuld+ymWcGJRs9lE3EcREZHI16XCFzIihBcoUt7sS1qeKMmOzydkQvMWTl6F2UfQsV2wa1 zBTFo7gFM7Bg0sowS2UoQoMEJ7gBV6de+fZeXPeZ60ZZz5zCH/kfPwAuXaQkg==</latexit><latexit sha1_base64="RG/ybrEqARFi0dM5nWieAIPce0Q=">AAAB6HicbZC7SgNBFIbPxluMt6ilIoNBsAq7N loGbSwTMBdIljA7OUnGzM4uM7NCWFJa2VgoYutT5DnsfAZfwsml0MQfBj7+cw5zzh/Egmvjul9OZmV1bX0ju5nb2t7Z3cvvH9R0lCiGVRaJSDUCqlFwiVXDjcBGrJCGgcB6MLiZ1OsPqDSP5J0ZxuiHtCd5lzNqrFXptfMFt+hORZbBm0O hdDyufD+ejMvt/GerE7EkRGmYoFo3PTc2fkqV4UzgKNdKNMaUDWgPmxYlDVH76XTRETmzTod0I2WfNGTq/p5Iaaj1MAxsZ0hNXy/WJuZ/tWZiuld+ymWcGJRs9lE3EcREZHI16XCFzIihBcoUt7sS1qeKMmOzydkQvMWTl6F2UfQsV2wa1 zBTFo7gFM7Bg0sowS2UoQoMEJ7gBV6de+fZeXPeZ60ZZz5zCH/kfPwAuXaQkg==</latexit><latexit sha1_base64="W4gNAZC6swAe6VgCSPeaMQovT8w=">AAAB6HicbZBNT8JAEIan+IX4hXr0spGYeCKtF z0SvXiExAIJNGS7TGFlu212tyak4Rd48aAxXv1J3vw3LtCDgm+yyZN3ZrIzb5gKro3rfjuljc2t7Z3ybmVv/+DwqHp80tZJphj6LBGJ6oZUo+ASfcONwG6qkMahwE44uZvXO0+oNE/kg5mmGMR0JHnEGTXWao0G1Zpbdxci6+AVUINCzUH 1qz9MWBajNExQrXuem5ogp8pwJnBW6WcaU8omdIQ9i5LGqIN8seiMXFhnSKJE2ScNWbi/J3Iaaz2NQ9sZUzPWq7W5+V+tl5noJsi5TDODki0/ijJBTELmV5MhV8iMmFqgTHG7K2FjqigzNpuKDcFbPXkd2ld1z3LLrTVuizjKcAbncAkeX EMD7qEJPjBAeIZXeHMenRfn3flYtpacYuYU/sj5/AHLN4zn</latexit>
g
g
g
g
H
G
T2 P1 N3
h
<latexit sha1_base64="OEnV/KOUXA5QOMMT6VCcBFI8e Yo=">AAAB6HicbZC7SwNBEMbn4ivGV9TSZjEIVuHORhsxaGOZgHlAcoS9zVyyZm/v2N0TwhGwt7FQxNZ/xt7O/8bNo9D EDxZ+fN8MOzNBIrg2rvvt5FZW19Y38puFre2d3b3i/kFDx6liWGexiFUroBoFl1g33AhsJQppFAhsBsObSd58QKV5LO/ MKEE/on3JQ86osVZt0C2W3LI7FVkGbw6lq8/C5SMAVLvFr04vZmmE0jBBtW57bmL8jCrDmcBxoZNqTCgb0j62LUoaofaz 6aBjcmKdHgljZZ80ZOr+7shopPUoCmxlRM1AL2YT87+snZrwws+4TFKDks0+ClNBTEwmW5MeV8iMGFmgTHE7K2EDqigz 9jYFewRvceVlaJyVPcs1t1S5hpnycATHcAoenEMFbqEKdWCA8AQv8OrcO8/Om/M+K805855D+CPn4wc8Ao61</latexi t><latexit sha1_base64="H56/RTwPpg0ymDze1vOX2wxPS mI=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6G JPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+W tGSbYjmhP8pAzaqxV6XfyBa/oTUQWwZ9B4fLDvUjev9xyJ//Z6sYsjVAaJqjWTd9LTDujynAmcOS2Uo0JZQPaw6ZFSSPU 7Wwy6IgcW6dLwljZJw2ZuL87MhppPYwCWxlR09fz2dj8L2umJjxvZ1wmqUHJph+FqSAmJuOtSZcrZEYMLVCmuJ2VsD5V lBl7G9cewZ9feRFqp0XfcsUrlK5gqhwcwhGcgA9nUIIbKEMVGCA8wBM8O3fOo/PivE5Ll5xZzwH8kfP2Ay2RkCk=</la texit><latexit sha1_base64="H56/RTwPpg0ymDze1vOX2wxPS mI=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6G JPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+W tGSbYjmhP8pAzaqxV6XfyBa/oTUQWwZ9B4fLDvUjev9xyJ//Z6sYsjVAaJqjWTd9LTDujynAmcOS2Uo0JZQPaw6ZFSSPU 7Wwy6IgcW6dLwljZJw2ZuL87MhppPYwCWxlR09fz2dj8L2umJjxvZ1wmqUHJph+FqSAmJuOtSZcrZEYMLVCmuJ2VsD5V lBl7G9cewZ9feRFqp0XfcsUrlK5gqhwcwhGcgA9nUIIbKEMVGCA8wBM8O3fOo/PivE5Ll5xZzwH8kfP2Ay2RkCk=</la texit><latexit sha1_base64="3P7akWg4H1bIb+3dAs/NcEduJ Pk=">AAAB6HicbZBNT8JAEIan+IX4hXr0spGYeCKtFz0SvXiExAIJNGS7TGFlu212tyak4Rd48aAxXv1J3vw3LtCDgm+ yyZN3ZrIzb5gKro3rfjuljc2t7Z3ybmVv/+DwqHp80tZJphj6LBGJ6oZUo+ASfcONwG6qkMahwE44uZvXO0+oNE/kg5m mGMR0JHnEGTXWao0H1Zpbdxci6+AVUINCzUH1qz9MWBajNExQrXuem5ogp8pwJnBW6WcaU8omdIQ9i5LGqIN8seiMXFhn SKJE2ScNWbi/J3Iaaz2NQ9sZUzPWq7W5+V+tl5noJsi5TDODki0/ijJBTELmV5MhV8iMmFqgTHG7K2FjqigzNpuKDcFb PXkd2ld1z3LLrTVuizjKcAbncAkeXEMD7qEJPjBAeIZXeHMenRfn3flYtpacYuYU/sj5/AHMu4zo</latexit>
g
<latexit sha1_base64="gx8tA567acsW4Z3BCy3KHdi 91CA=">AAAB6HicbZC7SgNBFIbPxluMt6ilFoNBsAq7NrEM2lgmYC6QLGF2cjYZMzu7zMwKYckT2FgoYutT+Bx2dj 6Kk0uhiT8MfPznHOacP0gE18Z1v5zc2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDO ttx5QaR7LOzNO0I/oQPKQM2qsVR/0iiW37M5EVsFbQKl6+lH/BoBar/jZ7ccsjVAaJqjWHc9NjJ9RZTgTOCl0U40 JZSM6wI5FSSPUfjZbdELOrdMnYazsk4bM3N8TGY20HkeB7YyoGerl2tT8r9ZJTXjlZ1wmqUHJ5h+FqSAmJtOrSZ8r ZEaMLVCmuN2VsCFVlBmbTcGG4C2fvArNy7JnuW7TuIa58nACZ3ABHlSgCrdQgwYwQHiEZ3hx7p0n59V5m7fmnMXMM fyR8/4D2zGPLA==</latexit><latexit sha1_base64="RG/ybrEqARFi0dM5nWieAIP ce0Q=">AAAB6HicbZC7SgNBFIbPxluMt6ilIoNBsAq7NloGbSwTMBdIljA7OUnGzM4uM7NCWFJa2VgoYutT5DnsfA Zfwsml0MQfBj7+cw5zzh/Egmvjul9OZmV1bX0ju5nb2t7Z3cvvH9R0lCiGVRaJSDUCqlFwiVXDjcBGrJCGgcB6MLi Z1OsPqDSP5J0ZxuiHtCd5lzNqrFXptfMFt+hORZbBm0OhdDyufD+ejMvt/GerE7EkRGmYoFo3PTc2fkqV4UzgKNd KNMaUDWgPmxYlDVH76XTRETmzTod0I2WfNGTq/p5Iaaj1MAxsZ0hNXy/WJuZ/tWZiuld+ymWcGJRs9lE3EcREZHI1 6XCFzIihBcoUt7sS1qeKMmOzydkQvMWTl6F2UfQsV2wa1zBTFo7gFM7Bg0sowS2UoQoMEJ7gBV6de+fZeXPeZ60ZZ z5zCH/kfPwAuXaQkg==</latexit><latexit sha1_base64="RG/ybrEqARFi0dM5nWieAIP ce0Q=">AAAB6HicbZC7SgNBFIbPxluMt6ilIoNBsAq7NloGbSwTMBdIljA7OUnGzM4uM7NCWFJa2VgoYutT5DnsfA Zfwsml0MQfBj7+cw5zzh/Egmvjul9OZmV1bX0ju5nb2t7Z3cvvH9R0lCiGVRaJSDUCqlFwiVXDjcBGrJCGgcB6MLi Z1OsPqDSP5J0ZxuiHtCd5lzNqrFXptfMFt+hORZbBm0OhdDyufD+ejMvt/GerE7EkRGmYoFo3PTc2fkqV4UzgKNd KNMaUDWgPmxYlDVH76XTRETmzTod0I2WfNGTq/p5Iaaj1MAxsZ0hNXy/WJuZ/tWZiuld+ymWcGJRs9lE3EcREZHI1 6XCFzIihBcoUt7sS1qeKMmOzydkQvMWTl6F2UfQsV2wa1zBTFo7gFM7Bg0sowS2UoQoMEJ7gBV6de+fZeXPeZ60ZZ z5zCH/kfPwAuXaQkg==</latexit><latexit sha1_base64="W4gNAZC6swAe6VgCSPeaMQo vT8w=">AAAB6HicbZBNT8JAEIan+IX4hXr0spGYeCKtFz0SvXiExAIJNGS7TGFlu212tyak4Rd48aAxXv1J3vw3Lt CDgm+yyZN3ZrIzb5gKro3rfjuljc2t7Z3ybmVv/+DwqHp80tZJphj6LBGJ6oZUo+ASfcONwG6qkMahwE44uZvXO0+ oNE/kg5mmGMR0JHnEGTXWao0G1Zpbdxci6+AVUINCzUH1qz9MWBajNExQrXuem5ogp8pwJnBW6WcaU8omdIQ9i5L GqIN8seiMXFhnSKJE2ScNWbi/J3Iaaz2NQ9sZUzPWq7W5+V+tl5noJsi5TDODki0/ijJBTELmV5MhV8iMmFqgTHG7 K2FjqigzNpuKDcFbPXkd2ld1z3LLrTVuizjKcAbncAkeXEMD7qEJPjBAeIZXeHMenRfn3flYtpacYuYU/sj5/AHLN 4zn</latexit>
g
<latexit sha1_base64="g x8tA567acsW4Z3BCy3KHdi91CA=">AAAB6HicbZC7SgN BFIbPxluMt6ilFoNBsAq7NrEM2lgmYC6QLGF2cjYZMzu7 zMwKYckT2FgoYutT+Bx2dj6Kk0uhiT8MfPznHOacP0gE 18Z1v5zc2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdU o+ASG4Ybge1EIY0Cga1gdDOttx5QaR7LOzNO0I/oQPKQM 2qsVR/0iiW37M5EVsFbQKl6+lH/BoBar/jZ7ccsjVAaJ qjWHc9NjJ9RZTgTOCl0U40JZSM6wI5FSSPUfjZbdELOrd MnYazsk4bM3N8TGY20HkeB7YyoGerl2tT8r9ZJTXjlZ1 wmqUHJ5h+FqSAmJtOrSZ8rZEaMLVCmuN2VsCFVlBmbTcG G4C2fvArNy7JnuW7TuIa58nACZ3ABHlSgCrdQgwYwQHi EZ3hx7p0n59V5m7fmnMXMMfyR8/4D2zGPLA==</latex it><latexit sha1_base64="R G/ybrEqARFi0dM5nWieAIPce0Q=">AAAB6HicbZC7SgN BFIbPxluMt6ilIoNBsAq7NloGbSwTMBdIljA7OUnGzM4u M7NCWFJa2VgoYutT5DnsfAZfwsml0MQfBj7+cw5zzh/E gmvjul9OZmV1bX0ju5nb2t7Z3cvvH9R0lCiGVRaJSDUC qlFwiVXDjcBGrJCGgcB6MLiZ1OsPqDSP5J0ZxuiHtCd5l zNqrFXptfMFt+hORZbBm0OhdDyufD+ejMvt/GerE7EkR GmYoFo3PTc2fkqV4UzgKNdKNMaUDWgPmxYlDVH76XTRET mzTod0I2WfNGTq/p5Iaaj1MAxsZ0hNXy/WJuZ/tWZiul d+ymWcGJRs9lE3EcREZHI16XCFzIihBcoUt7sS1qeKMmO zydkQvMWTl6F2UfQsV2wa1zBTFo7gFM7Bg0sowS2UoQo MEJ7gBV6de+fZeXPeZ60ZZz5zCH/kfPwAuXaQkg==</l atexit><latexit sha1_base64="R G/ybrEqARFi0dM5nWieAIPce0Q=">AAAB6HicbZC7SgN BFIbPxluMt6ilIoNBsAq7NloGbSwTMBdIljA7OUnGzM4u M7NCWFJa2VgoYutT5DnsfAZfwsml0MQfBj7+cw5zzh/E gmvjul9OZmV1bX0ju5nb2t7Z3cvvH9R0lCiGVRaJSDUC qlFwiVXDjcBGrJCGgcB6MLiZ1OsPqDSP5J0ZxuiHtCd5l zNqrFXptfMFt+hORZbBm0OhdDyufD+ejMvt/GerE7EkR GmYoFo3PTc2fkqV4UzgKNdKNMaUDWgPmxYlDVH76XTRET mzTod0I2WfNGTq/p5Iaaj1MAxsZ0hNXy/WJuZ/tWZiul d+ymWcGJRs9lE3EcREZHI16XCFzIihBcoUt7sS1qeKMmO zydkQvMWTl6F2UfQsV2wa1zBTFo7gFM7Bg0sowS2UoQo MEJ7gBV6de+fZeXPeZ60ZZz5zCH/kfPwAuXaQkg==</l atexit><latexit sha1_base64="W 4gNAZC6swAe6VgCSPeaMQovT8w=">AAAB6HicbZBNT8J AEIan+IX4hXr0spGYeCKtFz0SvXiExAIJNGS7TGFlu212 tyak4Rd48aAxXv1J3vw3LtCDgm+yyZN3ZrIzb5gKro3r fjuljc2t7Z3ybmVv/+DwqHp80tZJphj6LBGJ6oZUo+AS fcONwG6qkMahwE44uZvXO0+oNE/kg5mmGMR0JHnEGTXWa o0G1Zpbdxci6+AVUINCzUH1qz9MWBajNExQrXuem5ogp 8pwJnBW6WcaU8omdIQ9i5LGqIN8seiMXFhnSKJE2ScNWb i/J3Iaaz2NQ9sZUzPWq7W5+V+tl5noJsi5TDODki0/ij JBTELmV5MhV8iMmFqgTHG7K2FjqigzNpuKDcFbPXkd2ld 1z3LLrTVuizjKcAbncAkeXEMD7qEJPjBAeIZXeHMenRf n3flYtpacYuYU/sj5/AHLN4zn</latexit>
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Figure 1. Left: Tree-level graphs that give rise to pp → h + 2 j production at the LHC. Right: Example
one-loop diagram that contributes for instance to the nEDM. The black squares indicate insertions of the
CP-violating dimension-six operator (1.1).
hadronic EDMs. Since the diagrams that lead to the LHC signal do not involve a vertex where the
Higgs couples to a light quark, the constraints on CφG˜ that can be obtained from kinematic proper-
ties of pp → h + 2 j are obviously independent of the size of the κq parameters. The amplitude of
the chromoelectric dipole transition q→ qg instead depends linearly on κq, and hence tends to zero
in the limit of vanishing light-quark Yukawa couplings. In consequence, if the down-quark and
up-quark Yukawa couplings are identical to zero, no bound on the Wilson coefficient CφG˜ can be
obtained from hadronic EDM searches at the one-loop level. The same statement can be shown to
hold for the Wilson coefficients of the dimension-six operators which encode the CP-violating cou-
plings between the Higgs and EW gauge bosons and contribute to the eEDM. Since in [30, 31] it is
assumed that the Yukawa couplings of light fermions are exactly SM-like, it follows that the limits
derived in these papers do not directly apply in the case that the light-fermion Yukawa couplings
vanish exactly or are strongly suppressed.
Motivated by the above observation, we compute in Section 2 of this article the leading contri-
butions to the nEDM that involve an insertion of (1.1) and that survive in the limit of vanishing light-
quark Yukawa couplings. An extension of our calculation to the case of the full set of dimension-six
operators that encode the CP-violating interactions between the Higgs and EW gauge bosons will
be presented elsewhere [64]. Based on our results, we then derive in Section 3 the bounds on the
Wilson coefficient of the CP-violating dimension-six operator (1.1) from current and future nEDM
searches, comparing our findings to the existing LHC limits and their projections. In Appendix A
we extend the formalism presented in Section 2.1 to the case where the light-quark Yukawa cou-
plings are SM-like.
2 Calculation
Before describing the basic steps of our calculation, we mention that after EWSB the operator (1.1)
shifts the QCD θ termLθ = g2s/(32pi2) θ G˜aµνGa µν by a finite amount, i.e. θ → θ−16pi2 v2 CφG˜. Since
based on the current experimental nEDM results [65, 66] one has |θ| . 10−10, we will assume
that the total θ term vanishes dynamically due to a Peccei-Quinn mechanism [67]. Under this
assumption there is no direct bound on (1.1), and the Wilson coefficient CφG˜ can be treated as a
free parameter in the SMEFT as done in the analyses [5–8, 31].
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As explained at the end of Section 1, the goal of this work is it to calculate the numerically
most relevant contributions to the nEDM that are proportional to the Wilson coefficient CφG˜ and that
involve the Yukawa couplings of the third-generation quarks. It turns out that at the matching scale
the relevant loop graphs give rise to the following two CP-violating higher-dimensional operators
of Weinberg type [68–71]
LW1 = −gs3 f
abc G˜aµνG
b νρGc µρ C3G˜ −
g2s
12
G˜aµνG
a µνGbρλG
b ρλ C4G˜,1 , (2.1)
where f abc are the fully anti-symmetric structure constants of SU(3) colour. Since the bottom-
quark contributions can be shown to be suppressed relative to the top-quark effects by a factor
of m2b/m
2
h ln
2
(
m2b/m
2
h
)
' 5%, we neglect corrections that are proportional to the bottom-quark
Yukawa coupling in what follows. The top-quark effects are all linearly dependent on the coupling
modifier κt. In view of the observed SM-like nature (1.4) of the top-quark Yukawa coupling, we will
simply employ κt = 1 in our calculations. Allowing for O(10%) variations of κt would, however,
not qualitatively change the results of our numerical analysis performed in Section 3.
2.1 Dimension-six contribution
The leading-order (LO) matching correction to the Wilson coefficient C3G˜ proportional to CφG˜
arises from two-loop Feynman diagrams like the ones displayed on the left-hand side in Figure 2.
Employing a hard mass procedure (see [72] for a review) to obtain systematic expansions of the
relevant two-loop diagrams in powers of the external momenta and the ratio x = m2t /m
2
h with
mt ' 163 GeV and mh ' 125 GeV the top-quark and Higgs-boson mass, we find the following
analytic result
C3G˜(mh) =
α2s(mh)
8pi2
[
65
6
+ 2 ln x +
1
x
(
383
900
+
2
15
ln x
)]
CφG˜(mh) , (2.2)
where αs = g2s/(4pi). The expression given above corresponds to the MS scheme with the renor-
malisation scale set to µ = mh.3 The actual calculation was performed in a Rξ background field
gauge for the gluon [74, 75] keeping an arbitrary gauge parameter. The Levi-Civita tensor µνρλ
was treated as an external four-dimensional object. Our computations made use of the in-house
codes that were developed in the context of [76, 77], except for the tensor reduction of two-point
and three-point one-loop integrals which relied on Package-X [78]. We add that we have calcu-
lated higher-order terms in the 1/x expansion of C3G˜(mh) and found that these corrections shift the
numerical value of the matching correction (2.2) by less than a permille.4 Such an accuracy is more
than sufficient for our purpose.
The renormalisation group (RG) flow from the EW to the hadronic scale µH = 1 GeV does not
only change the value of the Wilson coefficient C3G˜, but also induces non-zero contributions for
3The sum of the bare two-loop Feynman diagrams that contributes to (2.2) is not ultraviolet (UV) finite. The
remaining UV pole is cancelled by taking into account the one-loop mixing of the operator φ†φGaµνG˜
a µν into
Q¯Lσµνta uR φ˜Gaµν + h.c. with t
a denoting the generator of SU(3) colour. We have calculated the relevant one-loop mixing
finding agreement with the result given in [73].
4The analytic expressions for the O(1/x2) and O(1/x3) terms can be found in the LATEX source code of this article.
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t
<latexit sha1_base64="wsJU5ViOPixYFF3HTdl+ vM3Vknw=">AAAB6HicbZC7SwNBEMbn4ivGV9TSZjEIVuHORhsxaGOZgHlAcoS9zV6yZm/v2J0TwhGwt7FQx NZ/xt7O/8bNo9DEDxZ+fN8MOzNBIoVB1/12ciura+sb+c3C1vbO7l5x/6Bh4lQzXmexjHUroIZLoXgdBUre SjSnUSB5MxjeTPLmA9dGxOoORwn3I9pXIhSMorVq2C2W3LI7FVkGbw6lq8/C5SMAVLvFr04vZmnEFTJJjW l7boJ+RjUKJvm40EkNTygb0j5vW1Q04sbPpoOOyYl1eiSMtX0KydT93ZHRyJhRFNjKiOLALGYT87+snWJ44 WdCJSlyxWYfhakkGJPJ1qQnNGcoRxYo08LOStiAasrQ3qZgj+AtrrwMjbOyZ7nmlirXMFMejuAYTsGDc6jA LVShDgw4PMELvDr3zrPz5rzPSnPOvOcQ/sj5+AFOMo7B</latexit><latexit sha1_base64="/rIU2NI623UQfeTNEJGT R7mASLA=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2MpuMmZ1dZs4KYckT2FgoY qsPY28jvo2TS6GJPwx8/P85zDknSKQw6HnfztLyyuraem7D3dza3tnN7+3XTJxqxqsslrFuBNRwKRSvokDJ G4nmNAokrweD63Fev+faiFjd4jDh7Yj2lAgFo2itCnbyBa/oTUQWwZ9B4fLDvUjev9xyJ//Z6sYsjbhCJq kxTd9LsJ1RjYJJPnJbqeEJZQPa402LikbctLPJoCNybJ0uCWNtn0IycX93ZDQyZhgFtjKi2Dfz2dj8L2umG J63M6GSFLli04/CVBKMyXhr0hWaM5RDC5RpYWclrE81ZWhv49oj+PMrL0LttOhbrniF0hVMlYNDOIIT8OEM SnADZagCAw4P8ATPzp3z6Lw4r9PSJWfWcwB/5Lz9AD/BkDU=</latexit><latexit sha1_base64="/rIU2NI623UQfeTNEJGT R7mASLA=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2MpuMmZ1dZs4KYckT2FgoY qsPY28jvo2TS6GJPwx8/P85zDknSKQw6HnfztLyyuraem7D3dza3tnN7+3XTJxqxqsslrFuBNRwKRSvokDJ G4nmNAokrweD63Fev+faiFjd4jDh7Yj2lAgFo2itCnbyBa/oTUQWwZ9B4fLDvUjev9xyJ//Z6sYsjbhCJq kxTd9LsJ1RjYJJPnJbqeEJZQPa402LikbctLPJoCNybJ0uCWNtn0IycX93ZDQyZhgFtjKi2Dfz2dj8L2umG J63M6GSFLli04/CVBKMyXhr0hWaM5RDC5RpYWclrE81ZWhv49oj+PMrL0LttOhbrniF0hVMlYNDOIIT8OEM SnADZagCAw4P8ATPzp3z6Lw4r9PSJWfWcwB/5Lz9AD/BkDU=</latexit><latexit sha1_base64="DzF5koUpPwIvXkf31NeV ijvAmQI=">AAAB6HicbZA9SwNBEIbn4leMX1FLm8UgWIU7Gy2DNpYJmA9IjrC3mUvW7H2wOyeEkF9gY6GIr T/Jzn/jJrlCE19YeHhnhp15g1RJQ6777RQ2Nre2d4q7pb39g8Oj8vFJyySZFtgUiUp0J+AGlYyxSZIUdlKN PAoUtoPx3bzefkJtZBI/0CRFP+LDWIZScLJWg/rlilt1F2Lr4OVQgVz1fvmrN0hEFmFMQnFjup6bkj/lmq RQOCv1MoMpF2M+xK7FmEdo/Oli0Rm7sM6AhYm2Lya2cH9PTHlkzCQKbGfEaWRWa3Pzv1o3o/DGn8o4zQhjs fwozBSjhM2vZgOpUZCaWOBCS7srEyOuuSCbTcmG4K2evA6tq6pnueFWard5HEU4g3O4BA+uoQb3UIcmCEB4 hld4cx6dF+fd+Vi2Fpx85hT+yPn8Ad7rjPQ=</latexit>
t
<latexit sha1_base64="wsJU5ViOPixYFF3HTdl+ vM3Vknw=">AAAB6HicbZC7SwNBEMbn4ivGV9TSZjEIVuHORhsxaGOZgHlAcoS9zV6yZm/v2J0TwhGwt7FQx NZ/xt7O/8bNo9DEDxZ+fN8MOzNBIoVB1/12ciura+sb+c3C1vbO7l5x/6Bh4lQzXmexjHUroIZLoXgdBUre SjSnUSB5MxjeTPLmA9dGxOoORwn3I9pXIhSMorVq2C2W3LI7FVkGbw6lq8/C5SMAVLvFr04vZmnEFTJJjW l7boJ+RjUKJvm40EkNTygb0j5vW1Q04sbPpoOOyYl1eiSMtX0KydT93ZHRyJhRFNjKiOLALGYT87+snWJ44 WdCJSlyxWYfhakkGJPJ1qQnNGcoRxYo08LOStiAasrQ3qZgj+AtrrwMjbOyZ7nmlirXMFMejuAYTsGDc6jA LVShDgw4PMELvDr3zrPz5rzPSnPOvOcQ/sj5+AFOMo7B</latexit><latexit sha1_base64="/rIU2NI623UQfeTNEJGT R7mASLA=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2MpuMmZ1dZs4KYckT2FgoY qsPY28jvo2TS6GJPwx8/P85zDknSKQw6HnfztLyyuraem7D3dza3tnN7+3XTJxqxqsslrFuBNRwKRSvokDJ G4nmNAokrweD63Fev+faiFjd4jDh7Yj2lAgFo2itCnbyBa/oTUQWwZ9B4fLDvUjev9xyJ//Z6sYsjbhCJq kxTd9LsJ1RjYJJPnJbqeEJZQPa402LikbctLPJoCNybJ0uCWNtn0IycX93ZDQyZhgFtjKi2Dfz2dj8L2umG J63M6GSFLli04/CVBKMyXhr0hWaM5RDC5RpYWclrE81ZWhv49oj+PMrL0LttOhbrniF0hVMlYNDOIIT8OEM SnADZagCAw4P8ATPzp3z6Lw4r9PSJWfWcwB/5Lz9AD/BkDU=</latexit><latexit sha1_base64="/rIU2NI623UQfeTNEJGT R7mASLA=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2MpuMmZ1dZs4KYckT2FgoY qsPY28jvo2TS6GJPwx8/P85zDknSKQw6HnfztLyyuraem7D3dza3tnN7+3XTJxqxqsslrFuBNRwKRSvokDJ G4nmNAokrweD63Fev+faiFjd4jDh7Yj2lAgFo2itCnbyBa/oTUQWwZ9B4fLDvUjev9xyJ//Z6sYsjbhCJq kxTd9LsJ1RjYJJPnJbqeEJZQPa402LikbctLPJoCNybJ0uCWNtn0IycX93ZDQyZhgFtjKi2Dfz2dj8L2umG J63M6GSFLli04/CVBKMyXhr0hWaM5RDC5RpYWclrE81ZWhv49oj+PMrL0LttOhbrniF0hVMlYNDOIIT8OEM SnADZagCAw4P8ATPzp3z6Lw4r9PSJWfWcwB/5Lz9AD/BkDU=</latexit><latexit sha1_base64="DzF5koUpPwIvXkf31NeV ijvAmQI=">AAAB6HicbZA9SwNBEIbn4leMX1FLm8UgWIU7Gy2DNpYJmA9IjrC3mUvW7H2wOyeEkF9gY6GIr T/Jzn/jJrlCE19YeHhnhp15g1RJQ6777RQ2Nre2d4q7pb39g8Oj8vFJyySZFtgUiUp0J+AGlYyxSZIUdlKN PAoUtoPx3bzefkJtZBI/0CRFP+LDWIZScLJWg/rlilt1F2Lr4OVQgVz1fvmrN0hEFmFMQnFjup6bkj/lmq RQOCv1MoMpF2M+xK7FmEdo/Oli0Rm7sM6AhYm2Lya2cH9PTHlkzCQKbGfEaWRWa3Pzv1o3o/DGn8o4zQhjs fwozBSjhM2vZgOpUZCaWOBCS7srEyOuuSCbTcmG4K2evA6tq6pnueFWard5HEU4g3O4BA+uoQb3UIcmCEB4 hld4cx6dF+fd+Vi2Fpx85hT+yPn8Ad7rjPQ=</latexit>
t
<latexit sha1_base64="wsJU5ViOPixYFF3HTdl+ vM3Vknw=">AAAB6HicbZC7SwNBEMbn4ivGV9TSZjEIVuHORhsxaGOZgHlAcoS9zV6yZm/v2J0TwhGwt7FQx NZ/xt7O/8bNo9DEDxZ+fN8MOzNBIoVB1/12ciura+sb+c3C1vbO7l5x/6Bh4lQzXmexjHUroIZLoXgdBUre SjSnUSB5MxjeTPLmA9dGxOoORwn3I9pXIhSMorVq2C2W3LI7FVkGbw6lq8/C5SMAVLvFr04vZmnEFTJJjW l7boJ+RjUKJvm40EkNTygb0j5vW1Q04sbPpoOOyYl1eiSMtX0KydT93ZHRyJhRFNjKiOLALGYT87+snWJ44 WdCJSlyxWYfhakkGJPJ1qQnNGcoRxYo08LOStiAasrQ3qZgj+AtrrwMjbOyZ7nmlirXMFMejuAYTsGDc6jA LVShDgw4PMELvDr3zrPz5rzPSnPOvOcQ/sj5+AFOMo7B</latexit><latexit sha1_base64="/rIU2NI623UQfeTNEJGT R7mASLA=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2MpuMmZ1dZs4KYckT2FgoY qsPY28jvo2TS6GJPwx8/P85zDknSKQw6HnfztLyyuraem7D3dza3tnN7+3XTJxqxqsslrFuBNRwKRSvokDJ G4nmNAokrweD63Fev+faiFjd4jDh7Yj2lAgFo2itCnbyBa/oTUQWwZ9B4fLDvUjev9xyJ//Z6sYsjbhCJq kxTd9LsJ1RjYJJPnJbqeEJZQPa402LikbctLPJoCNybJ0uCWNtn0IycX93ZDQyZhgFtjKi2Dfz2dj8L2umG J63M6GSFLli04/CVBKMyXhr0hWaM5RDC5RpYWclrE81ZWhv49oj+PMrL0LttOhbrniF0hVMlYNDOIIT8OEM SnADZagCAw4P8ATPzp3z6Lw4r9PSJWfWcwB/5Lz9AD/BkDU=</latexit><latexit sha1_base64="/rIU2NI623UQfeTNEJGT R7mASLA=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2MpuMmZ1dZs4KYckT2FgoY qsPY28jvo2TS6GJPwx8/P85zDknSKQw6HnfztLyyuraem7D3dza3tnN7+3XTJxqxqsslrFuBNRwKRSvokDJ G4nmNAokrweD63Fev+faiFjd4jDh7Yj2lAgFo2itCnbyBa/oTUQWwZ9B4fLDvUjev9xyJ//Z6sYsjbhCJq kxTd9LsJ1RjYJJPnJbqeEJZQPa402LikbctLPJoCNybJ0uCWNtn0IycX93ZDQyZhgFtjKi2Dfz2dj8L2umG J63M6GSFLli04/CVBKMyXhr0hWaM5RDC5RpYWclrE81ZWhv49oj+PMrL0LttOhbrniF0hVMlYNDOIIT8OEM SnADZagCAw4P8ATPzp3z6Lw4r9PSJWfWcwB/5Lz9AD/BkDU=</latexit><latexit sha1_base64="DzF5koUpPwIvXkf31NeV ijvAmQI=">AAAB6HicbZA9SwNBEIbn4leMX1FLm8UgWIU7Gy2DNpYJmA9IjrC3mUvW7H2wOyeEkF9gY6GIr T/Jzn/jJrlCE19YeHhnhp15g1RJQ6777RQ2Nre2d4q7pb39g8Oj8vFJyySZFtgUiUp0J+AGlYyxSZIUdlKN PAoUtoPx3bzefkJtZBI/0CRFP+LDWIZScLJWg/rlilt1F2Lr4OVQgVz1fvmrN0hEFmFMQnFjup6bkj/lmq RQOCv1MoMpF2M+xK7FmEdo/Oli0Rm7sM6AhYm2Lya2cH9PTHlkzCQKbGfEaWRWa3Pzv1o3o/DGn8o4zQhjs fwozBSjhM2vZgOpUZCaWOBCS7srEyOuuSCbTcmG4K2evA6tq6pnueFWard5HEU4g3O4BA+uoQb3UIcmCEB4 hld4cx6dF+fd+Vi2Fpx85hT+yPn8Ad7rjPQ=</latexit>
g
<latexit sha1_base64="gx8tA567acsW4Z3BCy3KHd i91CA=">AAAB6HicbZC7SgNBFIbPxluMt6ilFoNBsAq7NrEM2lgmYC6QLGF2cjYZMzu7zMwKYckT2FgoYutT+B x2dj6Kk0uhiT8MfPznHOacP0gE18Z1v5zc2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0C ga1gdDOttx5QaR7LOzNO0I/oQPKQM2qsVR/0iiW37M5EVsFbQKl6+lH/BoBar/jZ7ccsjVAaJqjWHc9NjJ9RZT gTOCl0U40JZSM6wI5FSSPUfjZbdELOrdMnYazsk4bM3N8TGY20HkeB7YyoGerl2tT8r9ZJTXjlZ1wmqUHJ5h+Fq SAmJtOrSZ8rZEaMLVCmuN2VsCFVlBmbTcGG4C2fvArNy7JnuW7TuIa58nACZ3ABHlSgCrdQgwYwQHiEZ3hx7p0 n59V5m7fmnMXMMfyR8/4D2zGPLA==</latexit><latexit sha1_base64="RG/ybrEqARFi0dM5nWieAI Pce0Q=">AAAB6HicbZC7SgNBFIbPxluMt6ilIoNBsAq7NloGbSwTMBdIljA7OUnGzM4uM7NCWFJa2VgoYutT5D nsfAZfwsml0MQfBj7+cw5zzh/Egmvjul9OZmV1bX0ju5nb2t7Z3cvvH9R0lCiGVRaJSDUCqlFwiVXDjcBGrJCG gcB6MLiZ1OsPqDSP5J0ZxuiHtCd5lzNqrFXptfMFt+hORZbBm0OhdDyufD+ejMvt/GerE7EkRGmYoFo3PTc2fk qV4UzgKNdKNMaUDWgPmxYlDVH76XTRETmzTod0I2WfNGTq/p5Iaaj1MAxsZ0hNXy/WJuZ/tWZiuld+ymWcGJRs9 lE3EcREZHI16XCFzIihBcoUt7sS1qeKMmOzydkQvMWTl6F2UfQsV2wa1zBTFo7gFM7Bg0sowS2UoQoMEJ7gBV6 de+fZeXPeZ60ZZz5zCH/kfPwAuXaQkg==</latexit><latexit sha1_base64="RG/ybrEqARFi0dM5nWieAI Pce0Q=">AAAB6HicbZC7SgNBFIbPxluMt6ilIoNBsAq7NloGbSwTMBdIljA7OUnGzM4uM7NCWFJa2VgoYutT5D nsfAZfwsml0MQfBj7+cw5zzh/Egmvjul9OZmV1bX0ju5nb2t7Z3cvvH9R0lCiGVRaJSDUCqlFwiVXDjcBGrJCG gcB6MLiZ1OsPqDSP5J0ZxuiHtCd5lzNqrFXptfMFt+hORZbBm0OhdDyufD+ejMvt/GerE7EkRGmYoFo3PTc2fk qV4UzgKNdKNMaUDWgPmxYlDVH76XTRETmzTod0I2WfNGTq/p5Iaaj1MAxsZ0hNXy/WJuZ/tWZiuld+ymWcGJRs9 lE3EcREZHI16XCFzIihBcoUt7sS1qeKMmOzydkQvMWTl6F2UfQsV2wa1zBTFo7gFM7Bg0sowS2UoQoMEJ7gBV6 de+fZeXPeZ60ZZz5zCH/kfPwAuXaQkg==</latexit><latexit sha1_base64="W4gNAZC6swAe6VgCSPeaMQ ovT8w=">AAAB6HicbZBNT8JAEIan+IX4hXr0spGYeCKtFz0SvXiExAIJNGS7TGFlu212tyak4Rd48aAxXv1J3v w3LtCDgm+yyZN3ZrIzb5gKro3rfjuljc2t7Z3ybmVv/+DwqHp80tZJphj6LBGJ6oZUo+ASfcONwG6qkMahwE44 uZvXO0+oNE/kg5mmGMR0JHnEGTXWao0G1Zpbdxci6+AVUINCzUH1qz9MWBajNExQrXuem5ogp8pwJnBW6WcaU8 omdIQ9i5LGqIN8seiMXFhnSKJE2ScNWbi/J3Iaaz2NQ9sZUzPWq7W5+V+tl5noJsi5TDODki0/ijJBTELmV5MhV 8iMmFqgTHG7K2FjqigzNpuKDcFbPXkd2ld1z3LLrTVuizjKcAbncAkeXEMD7qEJPjBAeIZXeHMenRfn3flYtpa cYuYU/sj5/AHLN4zn</latexit>
g
<latexit sha1_base64=" gx8tA567acsW4Z3BCy3KHdi91CA=">AAAB6HicbZC7S gNBFIbPxluMt6ilFoNBsAq7NrEM2lgmYC6QLGF2cjYZ Mzu7zMwKYckT2FgoYutT+Bx2dj6Kk0uhiT8MfPznHOa cP0gE18Z1v5zc2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBa xagdUo+ASG4Ybge1EIY0Cga1gdDOttx5QaR7LOzNO0I /oQPKQM2qsVR/0iiW37M5EVsFbQKl6+lH/BoBar/jZ7 ccsjVAaJqjWHc9NjJ9RZTgTOCl0U40JZSM6wI5FSSPU fjZbdELOrdMnYazsk4bM3N8TGY20HkeB7YyoGerl2tT 8r9ZJTXjlZ1wmqUHJ5h+FqSAmJtOrSZ8rZEaMLVCmuN 2VsCFVlBmbTcGG4C2fvArNy7JnuW7TuIa58nACZ3ABH lSgCrdQgwYwQHiEZ3hx7p0n59V5m7fmnMXMMfyR8/4D 2zGPLA==</latexit><latexit sha1_base64=" RG/ybrEqARFi0dM5nWieAIPce0Q=">AAAB6HicbZC7S gNBFIbPxluMt6ilIoNBsAq7NloGbSwTMBdIljA7OUnG zM4uM7NCWFJa2VgoYutT5DnsfAZfwsml0MQfBj7+cw5 zzh/Egmvjul9OZmV1bX0ju5nb2t7Z3cvvH9R0lCiGVRa JSDUCqlFwiVXDjcBGrJCGgcB6MLiZ1OsPqDSP5J0Zxu iHtCd5lzNqrFXptfMFt+hORZbBm0OhdDyufD+ejMvt/ GerE7EkRGmYoFo3PTc2fkqV4UzgKNdKNMaUDWgPmxYl DVH76XTRETmzTod0I2WfNGTq/p5Iaaj1MAxsZ0hNXy/ WJuZ/tWZiuld+ymWcGJRs9lE3EcREZHI16XCFzIihBc oUt7sS1qeKMmOzydkQvMWTl6F2UfQsV2wa1zBTFo7gF M7Bg0sowS2UoQoMEJ7gBV6de+fZeXPeZ60ZZz5zCH/k fPwAuXaQkg==</latexit><latexit sha1_base64=" RG/ybrEqARFi0dM5nWieAIPce0Q=">AAAB6HicbZC7S gNBFIbPxluMt6ilIoNBsAq7NloGbSwTMBdIljA7OUnG zM4uM7NCWFJa2VgoYutT5DnsfAZfwsml0MQfBj7+cw5 zzh/Egmvjul9OZmV1bX0ju5nb2t7Z3cvvH9R0lCiGVRa JSDUCqlFwiVXDjcBGrJCGgcB6MLiZ1OsPqDSP5J0Zxu iHtCd5lzNqrFXptfMFt+hORZbBm0OhdDyufD+ejMvt/ GerE7EkRGmYoFo3PTc2fkqV4UzgKNdKNMaUDWgPmxYl DVH76XTRETmzTod0I2WfNGTq/p5Iaaj1MAxsZ0hNXy/ WJuZ/tWZiuld+ymWcGJRs9lE3EcREZHI16XCFzIihBc oUt7sS1qeKMmOzydkQvMWTl6F2UfQsV2wa1zBTFo7gF M7Bg0sowS2UoQoMEJ7gBV6de+fZeXPeZ60ZZz5zCH/k fPwAuXaQkg==</latexit><latexit sha1_base64=" W4gNAZC6swAe6VgCSPeaMQovT8w=">AAAB6HicbZBNT 8JAEIan+IX4hXr0spGYeCKtFz0SvXiExAIJNGS7TGFl u212tyak4Rd48aAxXv1J3vw3LtCDgm+yyZN3ZrIzb5g Kro3rfjuljc2t7Z3ybmVv/+DwqHp80tZJphj6LBGJ6oZ Uo+ASfcONwG6qkMahwE44uZvXO0+oNE/kg5mmGMR0JH nEGTXWao0G1Zpbdxci6+AVUINCzUH1qz9MWBajNExQr Xuem5ogp8pwJnBW6WcaU8omdIQ9i5LGqIN8seiMXFhn SKJE2ScNWbi/J3Iaaz2NQ9sZUzPWq7W5+V+tl5noJsi 5TDODki0/ijJBTELmV5MhV8iMmFqgTHG7K2FjqigzNp uKDcFbPXkd2ld1z3LLrTVuizjKcAbncAkeXEMD7qEJP jBAeIZXeHMenRfn3flYtpacYuYU/sj5/AHLN4zn</la texit>
g
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<latexit sha1_base64="wsJU5ViOPixYFF3HTdl+vM3Vknw=">AAAB6HicbZC7SwNBEMbn4ivGV9TSZjE IVuHORhsxaGOZgHlAcoS9zV6yZm/v2J0TwhGwt7FQxNZ/xt7O/8bNo9DEDxZ+fN8MOzNBIoVB1/12ciura+sb+c3C1vbO7l5x/6Bh4lQzXmexjHUroIZLoXgdBUreSjSnUSB5MxjeTPLmA9dGxOoORwn3I9pXIhSMorVq2 C2W3LI7FVkGbw6lq8/C5SMAVLvFr04vZmnEFTJJjWl7boJ+RjUKJvm40EkNTygb0j5vW1Q04sbPpoOOyYl1eiSMtX0KydT93ZHRyJhRFNjKiOLALGYT87+snWJ44WdCJSlyxWYfhakkGJPJ1qQnNGcoRxYo08LOStiAasr Q3qZgj+AtrrwMjbOyZ7nmlirXMFMejuAYTsGDc6jALVShDgw4PMELvDr3zrPz5rzPSnPOvOcQ/sj5+AFOMo7B</latexit><latexit sha1_base64="/rIU2NI623UQfeTNEJGTR7mASLA=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxg Eq7Bro40YtLFMwFwgCWF2MpuMmZ1dZs4KYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSKQw6HnfztLyyuraem7D3dza3tnN7+3XTJxqxqsslrFuBNRwKRSvokDJG4nmNAokrweD63Fev+faiFjd4jDh7Yj2lAgFo2itC nbyBa/oTUQWwZ9B4fLDvUjev9xyJ//Z6sYsjbhCJqkxTd9LsJ1RjYJJPnJbqeEJZQPa402LikbctLPJoCNybJ0uCWNtn0IycX93ZDQyZhgFtjKi2Dfz2dj8L2umGJ63M6GSFLli04/CVBKMyXhr0hWaM5RDC5RpYWclrE8 1ZWhv49oj+PMrL0LttOhbrniF0hVMlYNDOIIT8OEMSnADZagCAw4P8ATPzp3z6Lw4r9PSJWfWcwB/5Lz9AD/BkDU=</latexit><latexit sha1_base64="/rIU2NI623UQfeTNEJGTR7mASLA=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxg Eq7Bro40YtLFMwFwgCWF2MpuMmZ1dZs4KYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSKQw6HnfztLyyuraem7D3dza3tnN7+3XTJxqxqsslrFuBNRwKRSvokDJG4nmNAokrweD63Fev+faiFjd4jDh7Yj2lAgFo2itC nbyBa/oTUQWwZ9B4fLDvUjev9xyJ//Z6sYsjbhCJqkxTd9LsJ1RjYJJPnJbqeEJZQPa402LikbctLPJoCNybJ0uCWNtn0IycX93ZDQyZhgFtjKi2Dfz2dj8L2umGJ63M6GSFLli04/CVBKMyXhr0hWaM5RDC5RpYWclrE8 1ZWhv49oj+PMrL0LttOhbrniF0hVMlYNDOIIT8OEMSnADZagCAw4P8ATPzp3z6Lw4r9PSJWfWcwB/5Lz9AD/BkDU=</latexit><latexit sha1_base64="DzF5koUpPwIvXkf31NeVijvAmQI=">AAAB6HicbZA9SwNBEIbn4leMX1FLm8U gWIU7Gy2DNpYJmA9IjrC3mUvW7H2wOyeEkF9gY6GIrT/Jzn/jJrlCE19YeHhnhp15g1RJQ6777RQ2Nre2d4q7pb39g8Oj8vFJyySZFtgUiUp0J+AGlYyxSZIUdlKNPAoUtoPx3bzefkJtZBI/0CRFP+LDWIZScLJWg/rli lt1F2Lr4OVQgVz1fvmrN0hEFmFMQnFjup6bkj/lmqRQOCv1MoMpF2M+xK7FmEdo/Oli0Rm7sM6AhYm2Lya2cH9PTHlkzCQKbGfEaWRWa3Pzv1o3o/DGn8o4zQhjsfwozBSjhM2vZgOpUZCaWOBCS7srEyOuuSCbTcmG4K2 evA6tq6pnueFWard5HEU4g3O4BA+uoQb3UIcmCEB4hld4cx6dF+fd+Vi2Fpx85hT+yPn8Ad7rjPQ=</latexit>
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<latexit sha1_base64="wsJU5ViOPixYFF3HTdl+vM3Vknw=">AAAB6HicbZC7SwNBEMbn4ivGV9TSZjE IVuHORhsxaGOZgHlAcoS9zV6yZm/v2J0TwhGwt7FQxNZ/xt7O/8bNo9DEDxZ+fN8MOzNBIoVB1/12ciura+sb+c3C1vbO7l5x/6Bh4lQzXmexjHUroIZLoXgdBUreSjSnUSB5MxjeTPLmA9dGxOoORwn3I9pXIhSMorVq2 C2W3LI7FVkGbw6lq8/C5SMAVLvFr04vZmnEFTJJjWl7boJ+RjUKJvm40EkNTygb0j5vW1Q04sbPpoOOyYl1eiSMtX0KydT93ZHRyJhRFNjKiOLALGYT87+snWJ44WdCJSlyxWYfhakkGJPJ1qQnNGcoRxYo08LOStiAasr Q3qZgj+AtrrwMjbOyZ7nmlirXMFMejuAYTsGDc6jALVShDgw4PMELvDr3zrPz5rzPSnPOvOcQ/sj5+AFOMo7B</latexit><latexit sha1_base64="/rIU2NI623UQfeTNEJGTR7mASLA=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxg Eq7Bro40YtLFMwFwgCWF2MpuMmZ1dZs4KYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSKQw6HnfztLyyuraem7D3dza3tnN7+3XTJxqxqsslrFuBNRwKRSvokDJG4nmNAokrweD63Fev+faiFjd4jDh7Yj2lAgFo2itC nbyBa/oTUQWwZ9B4fLDvUjev9xyJ//Z6sYsjbhCJqkxTd9LsJ1RjYJJPnJbqeEJZQPa402LikbctLPJoCNybJ0uCWNtn0IycX93ZDQyZhgFtjKi2Dfz2dj8L2umGJ63M6GSFLli04/CVBKMyXhr0hWaM5RDC5RpYWclrE8 1ZWhv49oj+PMrL0LttOhbrniF0hVMlYNDOIIT8OEMSnADZagCAw4P8ATPzp3z6Lw4r9PSJWfWcwB/5Lz9AD/BkDU=</latexit><latexit sha1_base64="/rIU2NI623UQfeTNEJGTR7mASLA=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxg Eq7Bro40YtLFMwFwgCWF2MpuMmZ1dZs4KYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSKQw6HnfztLyyuraem7D3dza3tnN7+3XTJxqxqsslrFuBNRwKRSvokDJG4nmNAokrweD63Fev+faiFjd4jDh7Yj2lAgFo2itC nbyBa/oTUQWwZ9B4fLDvUjev9xyJ//Z6sYsjbhCJqkxTd9LsJ1RjYJJPnJbqeEJZQPa402LikbctLPJoCNybJ0uCWNtn0IycX93ZDQyZhgFtjKi2Dfz2dj8L2umGJ63M6GSFLli04/CVBKMyXhr0hWaM5RDC5RpYWclrE8 1ZWhv49oj+PMrL0LttOhbrniF0hVMlYNDOIIT8OEMSnADZagCAw4P8ATPzp3z6Lw4r9PSJWfWcwB/5Lz9AD/BkDU=</latexit><latexit sha1_base64="DzF5koUpPwIvXkf31NeVijvAmQI=">AAAB6HicbZA9SwNBEIbn4leMX1FLm8U gWIU7Gy2DNpYJmA9IjrC3mUvW7H2wOyeEkF9gY6GIrT/Jzn/jJrlCE19YeHhnhp15g1RJQ6777RQ2Nre2d4q7pb39g8Oj8vFJyySZFtgUiUp0J+AGlYyxSZIUdlKNPAoUtoPx3bzefkJtZBI/0CRFP+LDWIZScLJWg/rli lt1F2Lr4OVQgVz1fvmrN0hEFmFMQnFjup6bkj/lmqRQOCv1MoMpF2M+xK7FmEdo/Oli0Rm7sM6AhYm2Lya2cH9PTHlkzCQKbGfEaWRWa3Pzv1o3o/DGn8o4zQhjsfwozBSjhM2vZgOpUZCaWOBCS7srEyOuuSCbTcmG4K2 evA6tq6pnueFWard5HEU4g3O4BA+uoQb3UIcmCEB4hld4cx6dF+fd+Vi2Fpx85hT+yPn8Ad7rjPQ=</latexit>
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<latexit sha1_base64="wsJU5ViOPixYFF3HTdl+vM3Vknw=">AAAB6HicbZC7SwNBEMbn4ivGV9TSZjE IVuHORhsxaGOZgHlAcoS9zV6yZm/v2J0TwhGwt7FQxNZ/xt7O/8bNo9DEDxZ+fN8MOzNBIoVB1/12ciura+sb+c3C1vbO7l5x/6Bh4lQzXmexjHUroIZLoXgdBUreSjSnUSB5MxjeTPLmA9dGxOoORwn3I9pXIhSMorVq2 C2W3LI7FVkGbw6lq8/C5SMAVLvFr04vZmnEFTJJjWl7boJ+RjUKJvm40EkNTygb0j5vW1Q04sbPpoOOyYl1eiSMtX0KydT93ZHRyJhRFNjKiOLALGYT87+snWJ44WdCJSlyxWYfhakkGJPJ1qQnNGcoRxYo08LOStiAasr Q3qZgj+AtrrwMjbOyZ7nmlirXMFMejuAYTsGDc6jALVShDgw4PMELvDr3zrPz5rzPSnPOvOcQ/sj5+AFOMo7B</latexit><latexit sha1_base64="/rIU2NI623UQfeTNEJGTR7mASLA=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxg Eq7Bro40YtLFMwFwgCWF2MpuMmZ1dZs4KYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSKQw6HnfztLyyuraem7D3dza3tnN7+3XTJxqxqsslrFuBNRwKRSvokDJG4nmNAokrweD63Fev+faiFjd4jDh7Yj2lAgFo2itC nbyBa/oTUQWwZ9B4fLDvUjev9xyJ//Z6sYsjbhCJqkxTd9LsJ1RjYJJPnJbqeEJZQPa402LikbctLPJoCNybJ0uCWNtn0IycX93ZDQyZhgFtjKi2Dfz2dj8L2umGJ63M6GSFLli04/CVBKMyXhr0hWaM5RDC5RpYWclrE8 1ZWhv49oj+PMrL0LttOhbrniF0hVMlYNDOIIT8OEMSnADZagCAw4P8ATPzp3z6Lw4r9PSJWfWcwB/5Lz9AD/BkDU=</latexit><latexit sha1_base64="/rIU2NI623UQfeTNEJGTR7mASLA=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxg Eq7Bro40YtLFMwFwgCWF2MpuMmZ1dZs4KYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSKQw6HnfztLyyuraem7D3dza3tnN7+3XTJxqxqsslrFuBNRwKRSvokDJG4nmNAokrweD63Fev+faiFjd4jDh7Yj2lAgFo2itC nbyBa/oTUQWwZ9B4fLDvUjev9xyJ//Z6sYsjbhCJqkxTd9LsJ1RjYJJPnJbqeEJZQPa402LikbctLPJoCNybJ0uCWNtn0IycX93ZDQyZhgFtjKi2Dfz2dj8L2umGJ63M6GSFLli04/CVBKMyXhr0hWaM5RDC5RpYWclrE8 1ZWhv49oj+PMrL0LttOhbrniF0hVMlYNDOIIT8OEMSnADZagCAw4P8ATPzp3z6Lw4r9PSJWfWcwB/5Lz9AD/BkDU=</latexit><latexit sha1_base64="DzF5koUpPwIvXkf31NeVijvAmQI=">AAAB6HicbZA9SwNBEIbn4leMX1FLm8U gWIU7Gy2DNpYJmA9IjrC3mUvW7H2wOyeEkF9gY6GIrT/Jzn/jJrlCE19YeHhnhp15g1RJQ6777RQ2Nre2d4q7pb39g8Oj8vFJyySZFtgUiUp0J+AGlYyxSZIUdlKNPAoUtoPx3bzefkJtZBI/0CRFP+LDWIZScLJWg/rli lt1F2Lr4OVQgVz1fvmrN0hEFmFMQnFjup6bkj/lmqRQOCv1MoMpF2M+xK7FmEdo/Oli0Rm7sM6AhYm2Lya2cH9PTHlkzCQKbGfEaWRWa3Pzv1o3o/DGn8o4zQhjsfwozBSjhM2vZgOpUZCaWOBCS7srEyOuuSCbTcmG4K2 evA6tq6pnueFWard5HEU4g3O4BA+uoQb3UIcmCEB4hld4cx6dF+fd+Vi2Fpx85hT+yPn8Ad7rjPQ=</latexit>
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<latexit sha1_base64="wsJU5ViOPixYFF3HTdl+vM3Vknw=">AAAB6HicbZC7SwNBEMbn4ivGV9TSZjE IVuHORhsxaGOZgHlAcoS9zV6yZm/v2J0TwhGwt7FQxNZ/xt7O/8bNo9DEDxZ+fN8MOzNBIoVB1/12ciura+sb+c3C1vbO7l5x/6Bh4lQzXmexjHUroIZLoXgdBUreSjSnUSB5MxjeTPLmA9dGxOoORwn3I9pXIhSMorVq2 C2W3LI7FVkGbw6lq8/C5SMAVLvFr04vZmnEFTJJjWl7boJ+RjUKJvm40EkNTygb0j5vW1Q04sbPpoOOyYl1eiSMtX0KydT93ZHRyJhRFNjKiOLALGYT87+snWJ44WdCJSlyxWYfhakkGJPJ1qQnNGcoRxYo08LOStiAasr Q3qZgj+AtrrwMjbOyZ7nmlirXMFMejuAYTsGDc6jALVShDgw4PMELvDr3zrPz5rzPSnPOvOcQ/sj5+AFOMo7B</latexit><latexit sha1_base64="/rIU2NI623UQfeTNEJGTR7mASLA=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxg Eq7Bro40YtLFMwFwgCWF2MpuMmZ1dZs4KYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSKQw6HnfztLyyuraem7D3dza3tnN7+3XTJxqxqsslrFuBNRwKRSvokDJG4nmNAokrweD63Fev+faiFjd4jDh7Yj2lAgFo2itC nbyBa/oTUQWwZ9B4fLDvUjev9xyJ//Z6sYsjbhCJqkxTd9LsJ1RjYJJPnJbqeEJZQPa402LikbctLPJoCNybJ0uCWNtn0IycX93ZDQyZhgFtjKi2Dfz2dj8L2umGJ63M6GSFLli04/CVBKMyXhr0hWaM5RDC5RpYWclrE8 1ZWhv49oj+PMrL0LttOhbrniF0hVMlYNDOIIT8OEMSnADZagCAw4P8ATPzp3z6Lw4r9PSJWfWcwB/5Lz9AD/BkDU=</latexit><latexit sha1_base64="/rIU2NI623UQfeTNEJGTR7mASLA=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxg Eq7Bro40YtLFMwFwgCWF2MpuMmZ1dZs4KYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSKQw6HnfztLyyuraem7D3dza3tnN7+3XTJxqxqsslrFuBNRwKRSvokDJG4nmNAokrweD63Fev+faiFjd4jDh7Yj2lAgFo2itC nbyBa/oTUQWwZ9B4fLDvUjev9xyJ//Z6sYsjbhCJqkxTd9LsJ1RjYJJPnJbqeEJZQPa402LikbctLPJoCNybJ0uCWNtn0IycX93ZDQyZhgFtjKi2Dfz2dj8L2umGJ63M6GSFLli04/CVBKMyXhr0hWaM5RDC5RpYWclrE8 1ZWhv49oj+PMrL0LttOhbrniF0hVMlYNDOIIT8OEMSnADZagCAw4P8ATPzp3z6Lw4r9PSJWfWcwB/5Lz9AD/BkDU=</latexit><latexit sha1_base64="DzF5koUpPwIvXkf31NeVijvAmQI=">AAAB6HicbZA9SwNBEIbn4leMX1FLm8U gWIU7Gy2DNpYJmA9IjrC3mUvW7H2wOyeEkF9gY6GIrT/Jzn/jJrlCE19YeHhnhp15g1RJQ6777RQ2Nre2d4q7pb39g8Oj8vFJyySZFtgUiUp0J+AGlYyxSZIUdlKNPAoUtoPx3bzefkJtZBI/0CRFP+LDWIZScLJWg/rli lt1F2Lr4OVQgVz1fvmrN0hEFmFMQnFjup6bkj/lmqRQOCv1MoMpF2M+xK7FmEdo/Oli0Rm7sM6AhYm2Lya2cH9PTHlkzCQKbGfEaWRWa3Pzv1o3o/DGn8o4zQhjsfwozBSjhM2vZgOpUZCaWOBCS7srEyOuuSCbTcmG4K2 evA6tq6pnueFWard5HEU4g3O4BA+uoQb3UIcmCEB4hld4cx6dF+fd+Vi2Fpx85hT+yPn8Ad7rjPQ=</latexit>
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<latexit sha1_base64="OEnV/KOUXA5QOMMT6VCcBFI8eYo=">AAAB6HicbZC7SwNBEMbn4ivGV9TSZjEIVuHORh sxaGOZgHlAcoS9zVyyZm/v2N0TwhGwt7FQxNZ/xt7O/8bNo9DEDxZ+fN8MOzNBIrg2rvvt5FZW19Y38puFre2d3b3i/kFDx6liWGexiFUroBoFl1g33AhsJQppFAhsBsObSd58QKV5LO/MKEE/on3JQ86osVZt0C2W3LI7FVkGbw6lq8/C5 SMAVLvFr04vZmmE0jBBtW57bmL8jCrDmcBxoZNqTCgb0j62LUoaofaz6aBjcmKdHgljZZ80ZOr+7shopPUoCmxlRM1AL2YT87+snZrwws+4TFKDks0+ClNBTEwmW5MeV8iMGFmgTHE7K2EDqigz9jYFewRvceVlaJyVPcs1t1S5hpnycATHc AoenEMFbqEKdWCA8AQv8OrcO8/Om/M+K805855D+CPn4wc8Ao61</latexit><latexit sha1_base64="H56/RTwPpg0ymDze1vOX2wxPSmI=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro4 0YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxV6XfyBa/oTUQWwZ9B4fLDv Ujev9xyJ//Z6sYsjVAaJqjWTd9LTDujynAmcOS2Uo0JZQPaw6ZFSSPU7Wwy6IgcW6dLwljZJw2ZuL87MhppPYwCWxlR09fz2dj8L2umJjxvZ1wmqUHJph+FqSAmJuOtSZcrZEYMLVCmuJ2VsD5VlBl7G9cewZ9feRFqp0XfcsUrlK5gqhwcw hGcgA9nUIIbKEMVGCA8wBM8O3fOo/PivE5Ll5xZzwH8kfP2Ay2RkCk=</latexit><latexit sha1_base64="H56/RTwPpg0ymDze1vOX2wxPSmI=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro4 0YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxV6XfyBa/oTUQWwZ9B4fLDv Ujev9xyJ//Z6sYsjVAaJqjWTd9LTDujynAmcOS2Uo0JZQPaw6ZFSSPU7Wwy6IgcW6dLwljZJw2ZuL87MhppPYwCWxlR09fz2dj8L2umJjxvZ1wmqUHJph+FqSAmJuOtSZcrZEYMLVCmuJ2VsD5VlBl7G9cewZ9feRFqp0XfcsUrlK5gqhwcw hGcgA9nUIIbKEMVGCA8wBM8O3fOo/PivE5Ll5xZzwH8kfP2Ay2RkCk=</latexit><latexit sha1_base64="3P7akWg4H1bIb+3dAs/NcEduJPk=">AAAB6HicbZBNT8JAEIan+IX4hXr0spGYeCKtFz 0SvXiExAIJNGS7TGFlu212tyak4Rd48aAxXv1J3vw3LtCDgm+yyZN3ZrIzb5gKro3rfjuljc2t7Z3ybmVv/+DwqHp80tZJphj6LBGJ6oZUo+ASfcONwG6qkMahwE44uZvXO0+oNE/kg5mmGMR0JHnEGTXWao0H1Zpbdxci6+AVUINCzUH1q z9MWBajNExQrXuem5ogp8pwJnBW6WcaU8omdIQ9i5LGqIN8seiMXFhnSKJE2ScNWbi/J3Iaaz2NQ9sZUzPWq7W5+V+tl5noJsi5TDODki0/ijJBTELmV5MhV8iMmFqgTHG7K2FjqigzNpuKDcFbPXkd2ld1z3LLrTVuizjKcAbncAkeXEMD7 qEJPjBAeIZXeHMenRfn3flYtpacYuYU/sj5/AHMu4zo</latexit>
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Figure 2. Left: Example diagrams of two-loop corrections to C3G˜ arising from the insertion of CφG˜.
Right: A one-loop correction to C4G˜,1 arising from the insertion of CφG˜. The operator insertions are indicated
by black squares.
the EDMs dq and the CEDMs d˜q of the down and up quarks
Ld = − i2 q¯σµνγ5 qF
µν dq − i2 gs q¯σµν t
aγ5 qGa µν d˜q , (2.3)
with q = d, u, σµν = i/2 (γµγν − γµγν), and Fµν denotes the QED field strength tensor. In the
basis ~C6 =
(
dq, d˜q,C3G˜
)T , the one-loop anomalous dimension (AD) matrix takes the following
form [79–81]
γˆ6 =

32
3
0 0
32
3
28
3
0
0 −6 3 + 2NF + 2β0

, (2.4)
where β0 = 11 − 2/3NF is the LO QCD beta function and NF denotes the number of active quark
flavours. Resumming leading-logarithmic (LL) corrections in the five-flavour, four-flavour and
three-flavour theory, we obtain
dq(µH) ' −5.6 · 10−2 eQq mq(µH) C3G˜(mh) ,
d˜q(µH) ' 1.2 · 10−1 mq(µH) C3G˜(mh) ,
C3G˜(µH) ' 1.3 · 10−1 C3G˜(mh) .
(2.5)
Here e denotes the electron charge magnitude, Qq is the fractional electric charge of the relevant
quark and mq(µH) is its MS mass at the hadronic scale. The numerical factors in (2.5) correspond
to the values αs(mh) ' 0.11, αs(mb) ' 0.21, αs(mc) ' 0.32 and αs(µH) ' 0.36 of the QCD
coupling constant. Notice that the Wilson coefficient C3G˜ of the dimension-six Weinberg operator
gets strongly suppressed by one-loop RG running in QCD.5
The hadronic matrix elements of the dimension-six operators corresponding to the Wilson
coefficients dq, d˜q and C3G˜ in (2.5) are known with varying levels of theoretical uncertainties.
5The two-loop and three-loop NF-independent contributions to the AD of the dimension-six Weinberg operator have
been calculated very recently [82]. Due to cancellations between the next-to-leading-logarithmic and the next-to-next-to-
leading-logarithmic QCD corrections, the total three-loop result is numerically close to the one-loop result for C3G˜(µH)
reported in (2.5). In view of this and given the sizeable uncertainties of the hadronic matrix element of the dimension-six
Weinberg operator
(
cf. (2.6)
)
using only the LL RG evolution is in our opinion fully justified. In the same spirit, the
two-loop and three-loop mixing of the quark EDMs and CEDMs [81, 83–85] is also neglected in (2.5).
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The EDM contributions from down and up quarks have been calculated with an accuracy of 5%
using lattice QCD (LQCD) [86–88], while QCD sum-rule calculations [9, 89–91] allow to de-
termine the contributions from the down-quark and up-quark CEDMs with uncertainties of 50%.
At present only estimates of the hadronic matrix element of the dimension-six Weinberg opera-
tor exist that rely on either QCD sum rules [92, 93], the vacuum insertion approximation [94] or
naive dimensional analysis [68]. Since only the QCD sum-rules calculations allow for a system-
atic analysis of theoretical uncertainties, we will in the following rely on them. Adopting our very
recent QCD sum-rule estimate [93], which is plagued by an uncertainty of 50%, and employing
md(µH) = 5.4 · 10−3 GeV and mu(µH) = 2.5 · 10−3 GeV [95], we obtain(
dn
)
3G˜
e
=
[
1.0
(
1 ± 0.05) + 8.8 (1 ± 0.5) − 66.6 (1 ± 0.5) ] C3G˜(mh) · 10−4 GeV , (2.6)
where the first, second and third term corresponds to the dq, d˜q and C3G˜ contribution in (2.5),
respectively. We emphasise that in the case that new physics enters only through the matching
correction C3G˜(mh) the relative signs in (2.6) are all fixed, meaning that the contribution from
the dimension-six Weinberg operator necessarily interferes destructively with both the EDM and
CEDM contribution.
2.2 Dimension-eight contribution
At LO the matching correction to the Wilson coefficient C4G˜,1 proportional to CφG˜ arise from one-
loop graphs of the type shown on the right in Figure 2. A straightforward calculation gives
C4G˜,1(mh) =
αs(mh)
pi
1
m2h
[
1 +
7
120x
+
1
168x2
]
CφG˜(mh) , (2.7)
at the matching scale µ = mh. Higher-order terms in the 1/x expansion change the matching
correction C4G˜,1(mh) by less than a permille, and we have therefore not included them in (2.7).
6
At the dimension-eight level there are three independent CP-violating operators that can be
built from QCD field strength tensors (see [69–71] for details). While only the operator appearing
in (2.1) receives a one-loop matching correction proportional to CφG˜ all three dimension-eight
operators mix under QCD. We write the two additional CP-violating four-gluon operators as
LW2 = − g
2
s
12
G˜aµνG
b µνGaρλG
b ρλ C4G˜,2 −
g2s
12
dabe dcde G˜aµνG
b µνGcρλG
d ρλ C4G˜,3 , (2.8)
where dabc are totally symmetric structure constants of QCD. In the basis ~C8 =
(
C4G˜,1,C4G˜,2,C4G˜,3
)T
the one-loop AD matrix then reads [69–71]
γˆ8 =

−56 + 8
3
NF + 2β0 24 −36
−38 56 + 8
3
NF + 2β0 −42
−14 12 −14 + 8
3
NF + 2β0

. (2.9)
6The results for the O(1/x3) and O(1/x4) terms of (2.7) can be found in the LATEX source code of this paper.
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Working in the five, four and three flavour theory and using the values of the QCD coupling constant
given earlier leads to the LL approximations
C4G˜,1(µH) ' 6.6C4G˜,1(mh) ,
C4G˜,2(µH) ' −1.9C4G˜,1(mh) ,
C4G˜,3(µH) ' 3.9C4G˜,1(mh) .
(2.10)
Notice that in contrast to (2.5) the Wilson coefficient C4G˜,1 of the dimension-eight Weinberg oper-
ator that is generated at the matching scale gets enhanced by RG running.
Estimates of the hadronic matrix elements of the dimension-eight CP-violating four-gluon
operators have very recently been obtained in the context of QCD sum rules [93]. Employing these
results we find (
dn
)
4G˜
e
= −6.1 (1 ± 0.8)C4G˜,1(mh) · 10−1 GeV3 , (2.11)
which has a theoretical uncertainty of 80%. We add that the sign in (dn)4G˜/e is predicted in the QCD
sum-rule approach and that neglecting all contributions from the two additional dimension-eight
operators (2.8) would lead to a numerical result that deviates from (2.11) by less than 5%.
3 Discussion
To discuss the constraints that nEDM measurements can set on the CP-violating dimension-six
Higgs-gluon interactions appearing in (2.1), we introduce the dimensionless Wilson coefficient
C¯φG˜(mh) = v
2 CφG˜(mh) . (3.1)
Combining (2.6) and (2.11) we then find in terms of the bared Wilson coefficient the following
expression∣∣∣∣∣dne
∣∣∣∣∣ = 6.2 ∣∣∣ (1 ± 0.05) + 8.6 (1 ± 0.5) − 65.1 (1 ± 0.5) − 7.5 (1 ± 0.8) ∣∣∣ ∣∣∣C¯φG˜(mh)∣∣∣ · 10−26 cm , (3.2)
where the contributions associated to the terms dq, d˜q, C3G˜ and the dimension-eight Weinberg
operators have been kept distinct.
In view of the sizeable hadronic uncertainties of the matrix elements of the operators of CEDM
and Weinberg type and the relative overall sign of the Weinberg-type contributions, we combine
the errors in (3.2) in such a way that our prediction∣∣∣∣∣dne
∣∣∣∣∣ = 1.3 ∣∣∣C¯φG˜(mh)∣∣∣ · 10−24 cm (3.3)
provides a lower absolute limit on the actual size of the C¯φG˜ corrections to dn. Because our error
treatment assumes a cancellation between the numerically dominant contributions associated to
C3G˜, d˜q and the dimension-eight terms, it is conservative. Notice that if such a cancellation is not
at work in practice, predictions for
∣∣∣dn/e∣∣∣ can be obtained that are larger by a factor of about 5 than
the upper limit (3.3) but still consistent within the individual uncertainties quoted in (3.2).
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The current experimental nEDM results [65, 66] impose the following 95% CL bound∣∣∣∣∣dne
∣∣∣∣∣ < 3.6 · 10−26 cm , (3.4)
which, using the lower limit of the only quark EDMs case in (3.3) translates into∣∣∣C¯φG˜(mh)∣∣∣ < 2.9 · 10−2 . (3.5)
As shown in Appendix A, this bound is weaker by a factor of almost 30 than the 95% CL exclusion
obtained in universal theories that assume that the Yukawa couplings of the light quarks are SM-
like. The constraint (3.5) can also be compared to the 95% CL limit
C¯φG˜(mh) ∈ [−0.13, 0.83] · 10−2 (3.6)
on the dimensionless Wilson coefficient (3.1) that has been obtained in [8] from an analysis of the
azimuthal angle difference ∆φ j j between the two jets in h + 2 j LHC events.
In order to obtain an idea of the prospects of the low-energy constraints, we assume that a
lower bound of ∣∣∣∣∣dne
∣∣∣∣∣ < 1.0 · 10−27 cm (3.7)
can be set at the proposed PSI and LANL nEDM experiments [96, 97]. In such a case, one arrives
at the limit ∣∣∣C¯φG˜(mh)∣∣∣ < 8.0 · 10−4 , (3.8)
if one assumes that (3.3) provides a lower absolute limit on the C¯φG˜ corrections to dn. The sen-
sitivity study [8] of the pp → h + 2 j process finds on the other hand that the high-luminosity
LHC (HL-LHC) should be able to set a bound of∣∣∣C¯φG˜(mh)∣∣∣ < 9.2 · 10−4 . (3.9)
A comparison of the limits (3.5) and (3.6) on the CP-violating interactions involving the Higgs
boson and gluons shows that at present the sensitivity of nEDM searches is by roughly an order of
magnitude weaker than the constraining power of the LHC. This is mainly a result of the conser-
vative treatment of the hadronic uncertainties in (3.2) that led to (3.3). From (3.8) and (3.9) it is
however also evident that in the future the sensitivity of nEDM searches can reach the LHC level
even if the accuracy of the hadronic matrix elements are not improved. First-principle calculations
of the matrix elements of the CEDMs and the dimension-six Weinberg operator are possible using
existing LQCD methodology, and considering the efforts by several LQCD groups [98–105], it
seems possible that estimates with uncertainties similar to the current ones can be obtained within
the next five years [106, 107]. It remains to be seen which accuracy such computations can achieve
in the next 20 years of LHC running, but we believe that it is very likely that the bound (3.8) can
be improved by the end of the HL-LHC run.
From the above discussion one can conclude that future nEDM searches and LHC measure-
ments are complementary to each other even in the specific class of new-physics models where
the Yukawa couplings of light quarks are zero. Since such new-physics realisations represent in
some sense the worst-case scenario for the low-energy constraints considered here, we believe this
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to be an interesting finding. Our results show furthermore that in a global SMEFT analysis, EDM
constraints can have additional flat or weakly bound directions that do not appear in the case of the
class of universal theories considered in [30, 31]. As already emphasised in [31], to resolve un-
bounded directions in the multi-dimensional space of Wilson coefficients, high-pT and low-energy
constraints on CP-violating couplings between the Higgs and gauge bosons should be combined
into global fits. The nEDM results presented in this article can be readily used for such a purpose.
Acknowledgments
The Feynman diagrams shown in this article and the analytic expression for the relevant one-
loop and two-loop scattering amplitudes have been obtained using FeynArts [108]. The Feyn-
man rules for the higher-dimensional operators (1.1) and (2.1) have been derived with the help of
the FeynRules package [109].
A Case of universal theories
In this appendix we extend the formalism presented in Section 2.1 to the case of universal theories.
Under the assumption that the light-quark Yukawa couplings take the values predicted in the SM
(i.e. κq = 1) the one-loop diagram on the right-hand side in Figure 1 induces a CEDM for the down
and up quark. In agreement with [31], we find the following expression for the one-loop correction
to the CEDMs
d˜q(mh) =
3αs(mh)
2pi
CφG˜(mh) , (A.1)
at the matching scale µ = mh. Including the contribution (A.1) in the evaluation of the nEDM, the
formula (2.6) turns into(
dn
)
d˜q,3G˜
e
=
[ (
6.9 d˜q(mh) + 1.0C3G˜(mh)
) (
1 ± 0.05) + (36.7 d˜q(mh) + 8.8C3G˜(mh)) (1 ± 0.5)
− 66.6C3G˜(mh)
(
1 ± 0.5) ] · 10−4 GeV . (A.2)
Adding the new dimension-six contribution (A.2) to the dimension-eight piece (2.11) we then
obtain the formula∣∣∣∣∣dne
∣∣∣∣∣ = 6.2 ∣∣∣190.6 (1 ± 0.05) + 1016.6 (1 ± 0.5)
− 65.1 (1 ± 0.5) − 7.5 (1 ± 0.8) ∣∣∣ ∣∣∣C¯φG˜(mh)∣∣∣ · 10−26 cm , (A.3)
where C¯φG˜ denotes the dimensionless Wilson coefficient introduced in (3.1). In view of the sizeable
hadronic uncertainties of the matrix elements in (A.3) and the relative overall sign of the Weinberg-
type contributions, we again combine the errors in
∣∣∣dn/e∣∣∣ in such a way that our final prediction
provides a lower absolute limit on the actual size of the C¯φG˜ corrections to the nEDM. We find∣∣∣∣∣dne
∣∣∣∣∣ = 3.6 ∣∣∣C¯φG˜(mh)∣∣∣ · 10−23 cm . (A.4)
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Numerically, the result (A.4) implies that∣∣∣∣∣dne
∣∣∣∣∣ < 3.6 · 10−26 cm ⇒ ∣∣∣C¯φG˜(mh)∣∣∣ < 1.0 · 10−3 ,∣∣∣∣∣dne
∣∣∣∣∣ < 1.0 · 10−27 cm ⇒ ∣∣∣C¯φG˜(mh)∣∣∣ < 2.8 · 10−5 .
(A.5)
Notice that the 95% CL limits on
∣∣∣C¯φG˜(mh)∣∣∣ as given in (A.5) are comparable to the bounds that
have been derived in [31] by using the so-called Rfit strategy, in which all hadronic matrix elements
entering the prediction for the nEDM are varied within their allowed ranges.
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